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Calcium Uptake in Fish 
Calcium plays a crucial role in numerous physiological and biochemical processes such as 
muscular contraction, vision, blood coagulation, intercellular communication and intracellular 
signalling. In many animals, the reproductive cycle puts a strain on calcium homeostasis as 
large amounts of calcium are required for e.g. the formation of egg shells. Bony tissues — 
elementary to vertebrate life — primarily consist of calcium-phosphate complexes. The calcium 
homeostasis of the extracellular fluid seen in all vertebrates is essential to animal survival: 
when the homeostasis is disturbed by a specific interference, e.g. cadmium, the above-
mentioned processes are seriously affected. 
Fish have developed efficient homeostatic mechanisms, which have made them 
independent of the great variety of aquatic environments they may encounter. It has been 
shown, however, that fish, unlike terrestrial vertebrates, do not keep their plasma calcium 
levels very constant when they are confronted with waters with various calcium concentrations, 
and that endocrine control of plasma calcium levels is differently organized in these lower 
vertebrates (Wendelaar Bonga and Pang, 1991). The gills are the most important area of 
contact with the water: they may be 10 to 60 times greater in surface area than the skin (Parry, 
1966), reflecting the needs for gas and ion exchange that result from the lifestyle and 
environment of the fish. Acid-base balance is intimately coupled to gas exchange phenomena 
and metabolic activity (Evans, 1984; Randall and Daxboeck, 1984). The large contact area 
resulting from this integumental specialization puts stringent demands on the control of calcium 
movements through this tissue. 
Calcium uptake is performed by the gills and by the intestine (Berg, 1970). The gills 
contribute significantly to the whole-body calcium uptake of freshwater fish (Flik et al. 1985a; 
Fenwick, 1989). However, the role of the intestine in calcium uptake has been studied far less 
well. The primary function of the intestine in freshwater fish is uptake of nutrients, which is 
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often coupled to the uptake of ions (primarily Na+). The intestine of freshwater fish is active 
in calcium uptake especially when the fish need much calcium, e.g. during ovarian maturation 
or when the water calcium concentration is low (Berg, 1970). Seawater fish also have an 
uptake of intestinal calcium based partly on active transport (Sundell and Björnsson, 1988). 
The presence of dietary cadmium disturbs normocalcemia in freshwater fish particularly in 
low-calcium water (Pratap et al. 1989), suggesting a significant contribution of intestinal 
calcium uptake to organismal calcium homeostasis. The mechanisms involved in intestinal 
calcium uptake, and in the interference of dietary cadmium with calcium homeostasis, have not 
yet been characterized. 
The goals served by the gills and the intestine may vary, depending on the quality of the 
water a fish inhabits. Certain teleost fish species are able to live in both freshwater and 
seawater. One such species that has been well studied and that was also used in the studies 
described here, is the tilapia (Oreochromis mossambicus Peters). In freshwater, which is hypo-
tonic with respect to their body fluids, these fish actively absorb nutrients and ions, such as 
Na+, CI, K\ Ca2+, Mg2+, SO2 and ΡΟ^, from the food. Freshwater fish drink little, if at all. In 
seawater, fish are faced with the imminent threat of desiccation: the fish, hypotonic with 
respect to the water around it, drinks large amounts of water (Smith, 1930). An active uptake 
of salts, of which the excess is subsequently excreted by gills and kidney (Maetz, 1976), forms 
the basis for the influx of the required water. The intestinal mucosa now becomes "continuous­
ly" exposed to seawater containing around 10 mM calcium. Calcium entry via the intestine 
needs to be controlled to prevent hypercalcemia. Regulation of intestinal calcium transport in 
freshwater and seawater fish has not been studied so far. 
Although much research has been directed towards the clarification of the importance of 
calcium uptake in fish gills (see review by Fenwick, 1989), calcium uptake in fish intestine has 
been less well characterized. We have no exact figures on calcium fluxes in this epithelium. 
We do not know which mechanisms underlie calcium uptake in this tissue, which is faced with 
a intermittent supply of food containing significant amounts of calcium, and with an important 
transcellular Na* flux as a consequence of its Na^-coupled nutrient uptake. We have no 
knowledge of the way in which intestinal calcium transport changes when these fish adapt to 
seawater conditions. And finally, we do not know what underlies the hypocalcémie action of 
dietary cadmium. Answers to these questions require the measurement of epithelial calcium 
transport under these conditions and the study of the cellular mechanisms involved. 
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Cellular Calcium Handling 
Similar to the homeostatic phenomena seen at the organismal level, a remarkable constancy 
in calcium levels is observed at the cellular level. A very low Ca2+ ion concentration (around 
100 nM) is commonly seen in the cytosol, using Ca2+-selective microelectrodes or Ca2+-
sensitive fluorescent dyes (Taylor, 1989; Tsien, 1989). Calcium is not distributed uniformly 
inside the cell. It is bound to calcium binding proteins, sequestered in mitochondria (Alberts 
et al. 1989) and accumulated in intracellular stores. The latter structures are thought to form 
part of, or originate from, the endoplasmic reticulum of the cell. They extract Ca2+ ions from 
the cytosol, keeping the ionic Ca2+ concentration low. 
A local rise in the cytosolic Ca2+ concentration is often used as an intracellular signal for 
messages that are otherwise unable to enter the cell (e.g., peptidergic hormones). Large electro-
chemical gradients for Ca2+ between the cytosol and the external medium, or the interior of 
stores, serve to produce a rapid influx of calcium into the cytosol as a reaction to external 
signals. In excitable cells, such as heart muscle cells, most of the calcium involved in the 
excitatory cycle is released from, and taken up by the internal stores. The Ca2+ ions combine 
with cytosolic calcium binding proteins, maybe best exemplified by calmodulin, to form com-
plexes that activate enzymes like, e.g., adenylate cyclase or the Ca2+-pumping ATPase. The 
Ca24nduced regulation of enzymatic reactions is thought to be the major role of calcium 
binding proteins (Carafoli, 1987). 
Specialized intracellular compartments have been implicated in transcellular transport of 
nutrients or ions. Vesicle-like structures that store calcium, so called calciosomes, may be 
involved in the transcellular transport of calcium, as shown for chick gut (Nemere and 
Norman, 1991). Release of stored calcium, resulting in the propagation of directional "calcium 
waves" in the cell (Jaffe, 1991), may be essential to the vectorial transport function of the cell, 
as shown for secretory cells (Kasai and Augustine, 1990; Marty, 1991). 
Transport Proteins Involved in Calcium Transport 
The cells that make up a calcium-transporting epithelium, such as the teleost intestine, display 
a distinct polarity. They show a specialization of the plasma membrane in an apical and a 
basolateral domain. In the intestine, the apical membrane surface is often enlarged by 
microvilli. Separated from this part of the plasma membrane by a junctional complex, we find 
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the extensive basolateral part of the cell membrane, which is in contact with the body fluids. 
In the tilapia intestine, the basolateral cell membrane shows extensive invaginations inter­
mingled with numerous mitochondria. This structure is known as the basolateral labyrinth. 
The polarity in these cytological aspects of the cell reflects fundamental differences in 
function. With regard to calcium, the epithelial cell is confronted with two opposing demands. 
The apical membrane needs a calcium entry mechanism that allows control over the passive 
inward movement of Ca2+ ions, which is driven by the large inward electrochemical gradient 
resulting from the concentration difference, as well as the negative intracellular electrical 
potential (Bakker and Groot, 1988). Entered calcium has to be extruded actively at the 
basolateral pole. The required energy for this extrusion mechanism can be derived from the 
hydrolysis of adenosinetriphosphate (ATP); breaking the high-energy bond in this molecule 
delivers sufficient energy to extrude 1 Са2+ ion from the cell. 
A protein that uses ATP directly, is the ATP-consuming Ca2+ pump. This protein is in­
volved in cellular calcium homeostasis (Carafoli, 1987) and contributes essentially to intestinal 
calcium transport in mammals (van Os, 1987). It has also been shown to be of primary impor­
tance to calcium uptake in fish gills (Flik et al. 1985b; Fenwick, 1989). Its role in intestinal 
calcium transport in fish has not been determined so far. Another P-type ATPase (Snavely et 
al 1991) is the extensively studied (Na++K>ATPase (Skou et al 1988). It ensures the sodium 
and potassium homeostasis of many cells. In epithelia, such as gill, intestine or kidney, it is 
functional exclusively in the basolateral part of the plasma membrane (Hammerton et al. 1991). 
The inwardly directed sodium gradient it creates is used by intestinal cells to actively absorb 
or extrude compounds. A well-known example of Na+-driven uptake is the Na+-glucose co-
transporter found in the apical membrane of intestinal and renal cells (Pajor et al. 1992). 
Sodium-dependent extrusion of calcium at the basolateral cell pole is mediated by the 
Na7Ca2+ exchanger. First thought to be present only in excitable cells, in accordance with its 
relatively low affinity for calcium and the high calcium concentrations known to occur in these 
cells, it is clear now that the Na7Ca2+ exchanger can be found in many non-excitable tissues 
as well. Intra- and extracellular Na+ and Ca2t concentrations and the cell membrane potential 
will dictate its activity, since the exchanger is reported to be electrogenic by exchanging 3 Na* 
ions for 1 Ca2+ ion. Its exact contribution to cellular homeostasis and, in calcium-transporting 
cells, transcellular calcium transport, still remains unclear. 
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Cadmium — a Toxic Calcium Mimic 
Cadmium is an industrial pollutant of which high doses dramatically impair calcium homeo-
stasis. Many of the actions of cadmium appear to originate from the resemblance of the cad-
mium ion to the calcium ion. Their ionic radius differs only slightly: for Cd2+ it is 97 pm, 
while for Ca2+ it is 99 pm. Still, it is not clear whether this particular similarity in ionic radius 
may explain the toxicity of cadmium alone (Aylett, 1979). Indeed, the more stable complexes 
formed with Ca2* acceptors (Flik et al. 1987) may prove to be more important. The slow disso-
ciation rate (kal¡) of Cd2+, combined with the diffusion-dictated association rate (km), which is 
similar for Ca2+ and Cd2+ ions, results in the low К,,, (к^к^) typical of the inhibitory actions 
of Cd2*. Verbost et al. (1988) have elegantly shown that the high affinity for Cd2* is the under­
lying cause for the apparent activation of Ca2+-dependent processes by low Cd2* concentrations: 
the activation actually results from Ca2* ions displaced from other sites by Cd2*. 
Aquatic animals, such as fish, will suffer from cadmium containing industrial effluents. 
They have been shown to develop severe hypocalcemia as a response to cadmium exposure 
(Reader and Morris, 1988; Pratap et al 1989). Fish show compensatory physiological reactions 
to an exposure to cadmium, which include elevated plasma Cortisol levels, increased density 
of opercular chloride cells and an elevated prolactin cell activity (Fu et al. 1989; Fu et al. 
1990). One of the main routes for uptake of cadmium in fish is the food (Dallingcr et al. 
1987). Dietary cadmium is known to cause hypocalcemia (Pratap et al. 1989). Thus far, it is 
unclear how dietary cadmium disturbs the calcium balance of the fish. 
Aim and Outline of the Present Study 
The aim of the presented studies was to establish the importance and magnitude of calcium 
uptake by the fish intestine in fish in freshwater and seawater conditions. The mechanisms 
responsible for the observed transcellular calcium transport in fish enterocytes were 
characterized. Finally, actions of cadmium on the epithelium as a whole, and on isolated 
basolateral plasma membrane vesicles were studied to reveal the sites at which this heavy 
metal interferes with calcium handling in fish intestine. 
In Chapter 2 we describe experiments in which we characterized the calcium transport 
by fish intestine, and the basolateral proteins responsible for the transcellular transport of 
calcium. We characterized the ATP-dependent Ca2* pump and the NaVCa2* exchanger in iso-
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lated basolateral plasma membrane vesicles of tilapia enterocytes. Na7Ca2+ exchange in these 
membranes displayed several properties similar to those of NaVCa2* exchangers in other cell 
types. The calcium affinity together with the electrogenic nature of the carrier suggest an 
important role in cellular calcium homeostasis. The role of the carrier in transcellular calcium 
transport was shown using stripped intestinal epithelium of the tilapia. Net uptake of calcium 
in this tissue was dependent on the presence of serosal sodium. 
Chapter 3 features an algorithm for the correct calculation of ionic Ca2+ levels in 
solutions containing metal binding chelators. Such compounds are necessary when submicro-
molar free ionic Ca2+ concentrations are to be realised in aqueous solutions. The presented 
algorithm corrects for effects of ionic strength and temperature on stability constants 
concerning binding of metal ions to chelating compounds. It proved to be highly reliable when 
composing solutions for our in vitro assays. 
In Chapter 4 we assess whether adaptation to seawater changes calcium transport charac-
teristics in tilapia intestine. Animals adapted to seawater, that are faced with an inward 
concentration gradient for calcium in gills and gut, showed a decrease in epithelial calcium 
transport. (Na++K+)-ATPase activity had increased, resulting in a larger solvent drag that 
induces water influx across the epithelium. Of the two calcium transporting mechanisms — 
the Ca2+-ATPase and the Na7Ca2+ exchange — the activity of the Na7Ca2+ exchange had 
decreased in parallel with the transcellular calcium transport. 
In Chapter 5 we compare measurements of Na7Ca2+ exchange activity in isolated mem-
branes from tilapia enterocytes with those found in isolated dog erythrocyte membranes. Adult 
dog erythrocytes have a make-up of membrane transport proteins quite different from that of 
fish enterocytes: they have an abundance of Ca2*-ATPase, but lack a (Na++K*)-ATPase. The 
two NaVCa2* exchangers have widely different functions in these cell types: Na7Ca2+ exchange 
in fish intestine is involved in Ca2* extrusion, while the exchanger of dog erythrocytes 
performs Na* extrusion. Yet, we found the intracellular calcium affinity of the two exchangers 
to be similar. Apparently, the exchanger's cellular function is mainly dictated by electrochemi-
cal gradients and cell energy status. 
Chapter 6 shows the effects of cadmium on calcium fluxes in stripped intestine of fresh-
water tilapia. Two effects on epithelial calcium fluxes were found: cadmium inhibited net 
uptake, but it also induced a prominent increase in paracellular calcium flux in both directions. 
Apparently, cadmium disrupted calcium-dependent tight junctions of the epithelium. 
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In Chapter 7 we investigate the influence of cadmium on the ion transport mechanisms 
(ATP-dependent Ca2+ pump, Na7Ca2+ exchange and (NаЧК+)-ATPase) in basolateral plasma 
membranes of fish enterocytes. The metal binds with high affinity to the intracellular ion 
binding sites of the transport proteins studied. The Na7Ca2+ exchange appeared to be not fully 
blocked by bound Cd2+: we were able to demonstrate a Cd2+-induced 45Ca efflux from vesicles 
preloaded with 45Ca by Na7Ca2+ exchange activity. NaVCa2* exchange may well be able to 
shuttle Cd2+ across the basolateral membrane. 
In the General Discussion we integrate our observations on intestinal ion transport. A 
new model is presented for an ion transporting cell that depends on the NaVCa2' exchanger 
thus far overlooked for extrusion of Ca2+ in a non-excitable Ca2t transporting epithelium. The 
electrogenicity, calcium affinity and high transport capacity indicate an important role for this 
protein in cellular calcium homeostasis and calcium transport in the fish intestine. Experiments 
with isolated enterocytes and stripped intestinal epithelium provide further support for this 
theory. The picomolar amounts of Cd2+ that completely inhibited the ATP-dependent Ca2+ 
pump did not effect the NaVCa2* exchanger; the latter even appeared able to exchange Ca2t 
for Cd2+. Together, these data lead us to conclude that the NaVCa2* exchanger is the main 




Calcium Absorption by Fish Intestine: 
The Involvement of ATP- and Sodium-
Dependent Calcium Extrusion Mechanisms 
Summary 
Measurements of unidirectional calcium fluxes in stripped intestinal epithelium of the tilapia, 
Oreochromis mossambicus, in the presence of ouabain or in the absence of sodium indicated 
that calcium absorption via the fish intestine is sodium dependent Active Ca2* transport 
mechanisms in the enterocyte plasma membrane were analyzed The maximum capacity of the 
ATP-dependent Ca2+ pump (V
m
 0 63 nmol mm ' mg ', К,,, 27 nM Ca2+) is calculated to be 2 17 
nmol min ' mg ', correcting for 29% mside-out-onented vesicles in the membrane preparation 
The maximum capacity of the Na7Ca2+ exchanger with high affinity for Cd2+ (V,,, 7 2 
nmol min ' mg ', К^ 181 nM Са2+) is calculated to be 13 6 nmol min ' mg ', correcting for 53% 
resealed vesicles and assuming symmetrical behaviour of the Na7Ca2+ exchanger 1 he high 
affinity for Ca2t combined with the 6-fold higher capacity of the exchanger compared to the 
ATPase suggest strongly that the Na7Ca2+ exchanger will contribute substantially to Ca2t 
extrusion in the fish enterocyte Further evidence for an important contribution of Na7Ca2h 
exchange to Ca2+ extrusion was obtained from studies in which the simultaneous operation of 
ATP- and Na+-gradient-driven Ca2+ pumps in inside-out vesicles was evaluated The fish 
enterocyte appears to present a model for a Ca2' transporting cell, in which Na7Ca2+ exchange 
activity with high affinity for Ca2+ extrudes Ca2* from the cell 
G Flik, Th J M Schoenmakers, J A Groot, С H van Os and S E Wendelaar Bonga (1990) J Membrane Biol 




Freshwater fish depend on two routes for the uptake of calcium, viz. via their gills and via their 
gut. Direct absorption of Ca2* from the water via the gills may provide for up to 94% of the 
total calcium required (Flik et al. 1985a). However, at decreased calcium availability in the 
water (e.g. in very soft fresh water) or in times of increased need for calcium (e.g. during 
gonadal maturation) enhanced intestinal calcium absorption may compensate for insufficient 
extraintestinal calcium absorption (Berg, 1970). 
In mammalian Ca2+ transporting epithelia such as the duodenum and renal tubules ATP-
dependent Ca2+ transport is regarded the predominant mode of Ca2+ extrusion across basolateral 
membranes by which transcellular transport of Ca2+ is achieved (Hildmann et al. 1982; Ghijsen 
et al. 1983; van Heeswijk et al. 1984). However, the presence of a Na7Ca2+ exchanger in the 
same plasma membrane has raised questions about the relative contribution of both mecha­
nisms to Ca2+ extrusion. The affinity for Ca2+ and the maximum transport capacity of the 
(Ca2++Mg2+)-ATPase, determined in vitro, are generally much higher than these values for the 
Na7Ca2+ exchanger. ІЪегеГоге, the role of Na7Ca2+ exchange in transcellular Ca2+ transport 
in mammalian intestinal and renal epithelia appears of minor importance (Murer and Hildmann, 
1981; van Os, 1987). 
In recent studies on transport mechanisms in fish gills (Flik et al. 1985b, 1985c; Perry 
and Flik, 1988) we demonstrated that branchial transepithelial calcium transport depends on 
a (Ca2++Mg2+)-ATPase mediated extrusion of Ca2+ over the basolateral membranes of the 
calcium transporting cells. We report here on intestinal Ca2+ uptake of a freshwater fish, the 
teleost Oreochromis mossambicus (hereafter called tilapia), which process in contrast appears 
Na*-dependent and is correlated with a powerful Na7Ca2+ exchange activity in the basolateral 
plasma membrane of the enterocyte. 
Materials and Methods 
Male tilapia, Oreochromis mossambicus, with an average body weight of 250 g were obtained 
from laboratory stock, kept in 100 1 aquaria supplied with running tap water (0.7 mM Ca, 
260C) under a photoperiod of 16 h of light alternating with 8 h of darkness. The fish were fed 
Tetramin® tropical fish food, 1.5% body weight per day; feeding was discontinued one day 
before experimentation. Fish were anaesthetized in tricaine methanosulphate (3 g.l', adjusted 
to pH 7.4 with Tris) and killed by spinal transection. The peritoneal cavity was opened and the 
intestinal tract removed. In all experiments the proximal l/} part of the intestine was used 
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(approximately 30 cm; this part shows no macroscopically or (sub)microscopically distinct 
transitions in epithelial make-up; personal observations). The intestine was rapidly flushed with 
saline and processed as described below. 
TRANSEPITHELIAL CA 2 * TRANSPORT 
Mucosa of the proximal 10 cm of the intestine was stripped of underlying muscle layers and 
mounted in Ussing chambers for transepithelial flux measurements, as described in detail for 
goldfish intestinal mucosa (Bakker and Groot, 1984). All flux experiments were carried out at 
23°C. In short, tissue was mounted in slides and preincubated for 30 min in gassed saline 
(117.5 mM NaCl, 5.7 mM KCl, 25 mM NaHCO,, 1.2 mM NaH2P04, 1.25 mM CaCl2, 1.2 mM 
MgS04 and 28 mM mannitol; 95% 02/5% C02, pH 7.3 ± 0.1). Next, the slides were mounted 
as the partition between two 3 ml halfchambers filled with saline. The exposed tissue area was 
0.2 cm2. At zero time ^СаСІг (specific activity: 180 MBq.mmor') was added as tracer to either 
side of the tissue. After 30 min, samples (100 μΐ) were taken from both halfchambers 
simultaneously every 15 min, for a total period of 150 min. In pilot experiments it was 
established that unidirectional fluxes are constant over this time period. Ouabain (0.1 mM) was 
added at t = 90 min to the serosal side of the epithelium. In 'sodium-free' media, NaCl was 
replaced by N-methyl-D-glucamine chloride (NMGC1), NaH2P01 by KH2P04 and NaHCO, by 
Tris/HEPES (pH 7.3). Unidirectional steady state Ca2+ fluxes were determined over 15-min 
periods and for each tissue sample an average value was calculated for t = 30 to 90 min 
(control period) and t = 90 to 150 min (ouabain present), to calculate ouabain sensitivity of 
individual tissue samples. Flux values during the first 15 min after addition of ouabain did not 
differ significantly from the values obtained during the subsequent two 15-min periods. To 
calculate net fluxes, values for unidirectional fluxes from mucosa to serosa (/„J and from 
serosa to mucosa (J
m
) across adjacent segments from the same fish were used in data analysis. 
Ca2+ fluxes were expressed in nmol.h'.cm'2. 
ISOLATION OF BASOLATERAL PLASMA MEMBRANES 
All steps were performed at 0-4oC. The proximal '/3 of the intestine was flushed with ice-cold 
saline (150 mM NaCl, 1 mM HEPES/Tris pH 8.0, 1 mM DTT, 0.1 mM EDTA), cut lengthwise 
and rinsed thoroughly with the same saline. Next, the mucosa was collected by scraping with 
a microscope slide. Scrapings were disrupted with a douncer homogenizer equipped with a 
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loosely fitting pestle (25 strokes) in isotonic buffer (250 mM sucrose, 10 mM HEPES/Tris pH 
8.0, 1 mM DTT, 100 U.ml ' aprotinine; 1 g wet wt tissue per 20 ml buffer). The homogenate 
was cenlrifuged for 10 min at 1400 χ g
av
 (Beekman TJ-6R, TH-4 rotor, 2800 rpm) to remove 
nuclei and cellular debris. Membranes were collected by centrifugation for 25 min at 150,000 
χ g
av
 (Beekman L8-80, 70ТІ rotor, 45,000 rpm). The pellet thus obtained consisted of a 
brownish part well-fixed to the wall of the tube and a fluffy layer on top. The brownish part 
contained roughly 90% of the total succinic acid dehydrogenase (SDH) activity of the tissue. 
The fluffy part of the pellet was removed by shaking mildly and resuspended (100 strokes) in 
a douncer homogenizer fitted with a loosely fitting pestle in 10 ml (for material obtained from 
one fish of 250 g) isotonic buffer (250 mM sucrose, 10 mM HEPES/Tris pH 7.4, 100 U.ml ' 
aprotinine). This homogenate was brought to 37% (wt/wt) sucrose by mixing (5 strokes) with 
1.25 volumes sucrose (60% wt/wt) in 10 mM HEPES/Tris (pH 7.4). Eight ml of this 
suspension was covered with 4 ml isotonic sucrose and centrifuged isopycnically for 90 min 
at 200,000 χ g
av
 (Beekman SW 40 Ti rotor, 40,000 rpm). The membranes at the interface of 
the sucrose block and the isotonic buffer were collected (approximately 0.5 ml) and mixed with 
13 ml isotonic buffer, containing the basic ingredients of the assay medium (150 mM NaCI 
or KCl, 20 mM HEPES/Tris, pH 7.4, and 0.8 mM MgCI2; further called assay buffer). The 
membranes were pelleted by centrifugation, 35 min at 180,000 χ g
av
 (SW 40ТІ, 38,000 rpm). 
The pellet was rinsed twice with assay buffer and resuspended by 25 passages through a 23-G 
needle in 0.5-1.0 ml assay buffer. The assay buffer contained either NaCI or KCl depending 
on the subsequent assays. Typically, the membrane preparations contained 5 mg.ml'1 protein 
and were used on the day of isolation without being frozen (protein recovery was 2.52 ± 
0.68%, η = 21). 
ENZYME ASSAYS 
Protein was determined with a commercial reagent kit (Bio-Rad), using bovine serum albumin 
(BSA) as reference. The marker enzymes used to characterize the membrane preparations were: 
(Na4K+)-ATPase for basolateral plasma membranes, alkaline phosphatase (APasc, determined 
at pH 10.4) for brush border membranes, succinic acid dehydrogenase (SDH) for mitochondrial 
membrane fragments and thiamine pyrophosphatase (TPPase) for Golgi membranes; assay 
conditions have been described in detail elsewhere (Flik et al. 1985c). Maximum enzymic 
activities were obtained after preincubation (10 min at 370C) with detergent at optimum 
concentration: 0.2 mg.ml'1 saponin was used at a protein concentration of 1 mg.ml''. Data on 
recovery and purification of marker enzymes are given in Table 1. The final membrane fraction 
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Table 1. Relative recoveries and enrichment of marker enzymes in tilapia enterocyte 
plasma membranes 
Recovery (%y Enrichmenlb 
Protein 2.5 ± 0.7 (21) 
Alkaline phosphatase 3.1+1.3 (7) 0.92 ± 0.57 (7) 
Succinic acid dehydrogenase 3.0 ± 1.2 (9) 1.37 + 0.45(9) 
Thiamine pyrophosphatase 7.0 ± 3.1 (4) 1.50 ± 1.00 (4) 
(Na++K+)-ATPase 23.1 ± 3.5 (8) 9.3 ± 2.4 (8) 
a
 Recovery was calculated as the percentage total activity (equals specific activity χ total 
protein) in the plasma membrane fraction relative to that in the initial homogenate. 
b
 Enrichment is the ratio of specific activities in the plasma membrane fraction and in the 
initial homogenate. 
c
 Numbers in parentheses indicate n. 
used for transport studies was enriched 9.3-fold in the basolateral membrane marker (Na++K+)-
ATPase compared to the homogenate. The (Na*+K+)-ATPase specific activity averaged 169 
+ 36 (n = 9) //mol P1.h",.mg"' at 370C. APase, SDH, and TPPase activities were not enriched. 
To exclude possible contributions of enzymic activities from mitochondrial membrane 
contamination, routinely 5 ^g.ml"' oligomycin В was included in Ca2* transport assay media. 
Ruthenium red (10 μΜ) did not influence kinetics of ATP-driven Ca2+-transport in our 
membrane preparations (results not shown). 
VESICULAR SPACE AND MEMBRANE ORIENTATION 
Uptake of D-(14C)-mannitol (Amersham) in membrane vesicles was determined in a Ca2+ 
transport medium (1 μΜ Ca2*, no 45Ca) made 100 μΜ in mannitol to which 7.6 χ IO5 Bq.ml'1 
"C-mannitol had been added. The vesicular space calculated on the basis of vesicle mannitol 
content at equilibrium after 2 h of incubation ranged from 2.75 to 3.25 /d.mg"1, a value 
comparable to that reported for rat ileal plasma membrane vesicles (Ghijsen et al. 1983). 
13 
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The percentage inside-out oriented resealed vesicles (lOV's) was determined on the basis 
of acetylcholine esterase latency of the membrane preparations (Flik et al. 1985b). The latent 
activity of this exoenzyme unmasked by saponin treatment (0.2 mg.(mg protein)') reflected 
29 ± 4% (л = 8) inside-out oriented vesicles in the preparation. 
The percentage right-side-out oriented vesicles (ROV's) was determined on the basis of 
the specific trypsin sensitivity of the cytosol-oriented part of the (Na4K+)-ATPase. Following 
trypsin treatment, which inactivates (Na++K+)-ATPase in lOV's and leaky membrane frag­
ments, latent (ROV) (Na++K+)-ATPase activity was unmasked by saponin treatment. The 
optimal trypsin (Sigma porcine trypsin, TOI 34) effect was obtained at 4500 BAEE units trypsin 
per mg membrane protein for 30 min at 25°C. Trypsin activity was quenched by the addition 
of 25 mg.ml ' soybean trypsin inhibitor (Sigma T9253). In controls the inhibitor was added 
before the addition of trypsin. The trypsin insensitive (Na++K+)-ATPase activity in our 
membrane preparation amounted to 24 ± 5% of the total activity, indicating 24% ROV's. The 
membrane configuration of the plasma membrane preparation therefore is 29% IOV, 24% ROV 
and 47% leaky fragments. The 53% resealed membranes deduced from the percentages lOV's 
and ROV's is congruous with a 45 ± 12% (л = 8) resealing as determined by saponin-
unmasked (Na*+K*)-ATPase latency of the preparation. 
VESICLE CA2+ TRANSPORT 
ATP-Dependent Transport 
ATP-dcpendent transport of Ca2* was assayed by means of a rapid filtration technique (van 
Heeswijk et al. 1984). The composition of the assay medium was: 20 mM HEPES/Tris (pH 
7.4), 3 mM Tris-ATP, 150 mM KCl, 0.8 mM free Mg2+, 7.5 χ 10л to IO"3 mM free Ca2+, 0.5 
mM EGTA, 0.5 mM HEEDTA, 0.5 mM NTA, 5 ^g.ml"1 oligomycin B. The "'Ca (specific 
activity 24 GBq.mmol') radioactive concentration in the transport media ranged from 0.5 to 
0.8 MBq.ml'. Incubations were carried out at 370C, the optimum temperature of the ATPase. 
When oxalate (20 mM) was included in the assay media, Ca2+ complexed by oxalate was taken 
into account. The Ca2* ionophore A23187 was dissolved in DMSO and added to the incubates 
at 5 //g.mr', not exceeding 0.1% (v/v) DMSO. In some experiments calmodulin was added to 
the membranes (50 ¿ig.mg"') and allowed to incubate for 30 min on ice before assay. The 
reaction was quenched by addition of 1 ml ice-cold stop buffer (150 mM KCl, 20 mM HEPES/ 
Tris, pH 7.4, 0.1 mM LaClj) and the quenched sample filtered (Schleicher & Schuell ME25, 
pore size: 0.45 μτη). The filters were rinsed twice with 2 ml of the same buffer. The amount 
of membrane protein per filter was 10 to 20 ¿/g. The filters were dissolved in 4 ml Aqualuma® 
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scintillation fluid (30 min at room temperature) and radioactivity was determined in a LKB 
Rackbeta liquid scintillation analyzer. 
Na*-Dependent Transport 
Na+-dependent Ca2+ transport across plasma membranes was assayed as the difference in ^Ca2* 
accumulation upon transfer of membrane vesicles equilibrated in 150 mM NaCl to media 
containing either 150 mM NaCl (blank) or 150 mM KCl. To evaluate the sodium concentration 
dependence of 45Ca2+ accumulation, vesicle suspensions were prepared in buffer with varying 
sodium concentrations replacing KCl for NaCl to maintain 150 mM of the combined salts. In 
composing the media, a 25-fold dilution of the vesicle suspension was taken into account to 
yield the following final concentrations: 150 mM NaCl and/or KCl, 20 mM HEPES/Tris (pH 
7.4), 0.5 mM EGTA, 0.5 mM HEEDTA, 0.5 mM NTA, 0.8 mM free Mg2+, and 7.5 χ 105 to 
5 x 102 mM free Ca2+. The 4,Ca radioactive concentration was 0.5 to 0.8 MBq.ml'1. A 5 μΙ 
vesicle suspension was mixed with 120μ1 medium. After 5 seconds of incubation the reaction 
was quenched by addition of 1 ml stop buffer (150 mM NaCl, 20 mM HEPES/Tris pH 7.4, 
1.0 mM LaCljj 0oC) to the incubate. The membrane vesicles with retained '"Ca were collected 
by filtration as described above. The Ca2+-ionophore A23187 and bepridil were dissolved in 
DMSO, the Na+-ionophore monensin and the KMonophore valinomycin in ethanol. The effects 
of ionophores and bepridil were evaluated by comparison with solvent treatment, not exceeding 
0.1% (vol/vol) solvent in the incubate. Vesicles were preincubated with monensin and 
valinomycin, 10 min on ice. Bepridil was always freshly dissolved (stocks in DMSO proved 
instable). 
To evaluate the relative contribution of Na+-gradient-driven and ATP-driven Ca2+ 
transport in plasma membrane vesicles, part of the KCl (150 mM, at 0 mM NaCl) in the 
ATPase assay medium was replaced by NaCl (5, 10, 15, 20, 25, 30 and 50 mM). By doing so, 
stimulation of (№ЧК+)-АТРа5е activity in lOV's will result in Na+ loading of the lOV's and 
create a Na+ gradient to drive Ca2+ uptake into these vesicles on top of the ATP-driven Ca2t 
uptake. Where indicated, vesicles were preincubated with ouabain for 2 h on ice before Ca2+ 
uptake studies to prevent (Na*+K+)-ATPase mediated accumulation of Na+. 
CALCULATIONS AND STATISTICS 
Free Ca2+ and Mg2+ levels were calculated according to van Heeswijk et al. (1984), and were 
based on the stability constants of the ligands EGTA, HEEDTA, NTA, ATP and oxalate given 
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by Sillén and Martell (1964). The first and second protonations of the ligands were taken into 
account. The Ca2* concentration dependence of ATP-dependent Ca2+ transport strictly obeyed 
Michaelis-Menten kinetics and data were analyzed accordingly. The Ca2*-concentration 
dependence of Na+-dependent Ca2* transport did not obey simple Michaelis-Menten kinetics. 
The data were fitted according to: 
v = (vm χ s)i{K'm + s) + (ν· χ S)I(K: +S) (1) 
where 5 stands for the free Ca2+ concentration in the medium and VJ¡ and КЦ, represent the 
Michaelis-Menten kinetic parameters of a "high affinity" component and Ц, and КЦ, those of 
a "low affinity" component. Data from bepridil inhibition of Na^dcpendent Ca2H uptake were 
fitted according to: 
v = ι - {a - β) * m/ac, + m (2) 
where β stands for the fraction of exchange activity insensitive to bepridil, [IJ for the inhibitor 
concentration, K, for the apparent half-maximal inhibitor concentration and η for the apparent 
Hill-coefficient. The data were analyzed with a non-linear regression data analysis program 
(Leatherbarrow, 1987). Data were analyzed statistically by the Student's t test or the Mann-
Whitney LMest, where appropriate. Statistical significance was accepted for Ρ < 0.05. 
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Figure 1. Kinetics of ATP-dependent Ca2+ uptake in basolateral plasma membrane vesicles of tilapia enlerocytes. 
Mean values for 12 different preparations are given. Initial rates of ATP-dependent Ca2* uptake were corrected 
for ATP-independenl uptake. The inset shows an Eadie-Hofstee transformation of the data. V
m
 = 0.63 ± 0.04 
nmol.min'.mg', 1^ = 27 i 4 nM Ca2*. 
Results 
Stripped intestinal mucosa of the tilapia generates a net mucosa to serosa Ca2+ flux (Table 2). 
Ouabain added to the serosal side specifically inhibits the mucosa-to-serosa flux by 21%, does 
not affect serosa-to-mucosa flux and results therefore in a 53% decrease in net Ca2* influx. 
Replacement of Na+ with NMG+ reduces mucosa to serosa flux by 41% and abolishes the in­
hibitory effect of ouabain. We have taken these observations to be evidence for a partial Na4-
dependence of the Ca2+ extrusion step in transcellular mucosa-to-serosa Ca2+ transport. The next 
step was to study ATP- and Na+-dependent Ca2+ transport systems in enterocyte basolateral 
plasma membrane vesicles. 
Figure 1 shows the Ca2+ concentration dependence of ATP-driven Ca2+ transport in 
BLMV's. ATP-driven Ca2+ transport, determined as the difference in Ca2+ accumulated in 1 
min in the presence and in the absence of ATP, obeyed Michaelis-Menten kinetics. A 
maximum velocity of 0.63 ± 0.04 nmol.min'.mg' and a half-maximal activation concentration 
for Ca2+ of 27 ± 4 nM was calculated (n = 12). Oxalate (20 mM) did not stimulate ATP-driven 
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Figure 2. Sodium-driven Ca2* uptake m basolatcral membrane vesicles of tilapia enterocytcs. Ca2* uptake in the 
presence of a 150 mM Na*- gradient (Na/KJ and 5 μΜ Ca2*0 is reversed by the addition of the Ca2* lonophore 
Aniim indicating that accumulation of Ca2* occurs In the presence of the Na* lonophore monensin or in the 
absence of a Na* gradient (Na, = Na,, = 150 mM) Ca2* uptake is greatly diminished Mean values of one 
experiment in triplicate are given. 
Ca2* transport (V
m
 = 0.76 ± 0.14 nmol.min '.mg', К,,, = 65 ± 21 nM Ca2+; и = 3), suggesting 
that our membrane preparation is not significantly contaminated with endoplasmic reticular 
fragments (Moore et al. 1974). Correcting for 29% inside-out resealed vesicles, the maximum 
velocity rises to 2.17 nmol.min '.mg '. 
Figure 2 shows that an outwardly directed Na+ gradient drives Ca2+ uptake (determined 
at 5 μΜ Ca2*). Addition of the sodium ionophore monensin, which dissipates the Na+-gradient, 
reduced Ca2+ uptake. True accumulation of Ca2+ took place since addition of calcium ionophore 
A23187 reduced Na+-driven Ca2+ uptake. 
Figure 3 shows the Na+ concentration dependence of Ca2+ uptake by basolateral 
membrane vesicles. The maximum velocity was 20.3 ± 4.6 nmol.min"'.mg ' at 5 μΜ Ca2+. A 
Hill-coefficient for Na* of 2.5 ± 0.2 was derived (inset), indicating at least 2 sites for Na* on 
the NaVCa2* exchanger. An apparent half-maximal activation concentration of 38 ± 5 mM Na+ 
was calculated. 
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Figure 3 Na*4lependence of Na*-driven Ca2* uplake Membrane vesicles were equilibrated in 10, 20, 50 or 150 
mM Na* Initial rales (5 s determinations) of Na*-driven Ca2* uplake (Na/KJ were corrected for 'non specific' 
Ca2* uplake (K, = K, = 150 mM) The medium Ca2, concentration was 5 μΜ Values for V are expressed relative 
to V
m
, which was 20 3 ± 4 6 nmol Ca2* mm ' mg ' (η = 3) The inset shows a Hill plot of (he data, a Hill-
coefficient of 2 5 ± 0 2 and a Κ„ of 38 ± 5 mM Na* was derived 
Figure 4 shows the Ca2+ concentration dependence of Na+-dnven Ca2+ uptake The Eadie-
Hofstee plot of the data (inset) demonstrates that this process did not obey simple Michaehs-
Menten kinetics This implies that more than one Ca2+ site is involved in the activation of the 
NaVCa2* exchange When the data were fitted to Eq (1), the maximum velocity of the Cd2+ 
uptake process with high affinity for Ca2+ was 7 2 ± 2 8 nmol mm ' mg ' and its K,,, was 181 
± 78 nM Ca2+, the respective values for the low affinity component were 32 1 ± 2 2 
nmol mm ' mg ' and 3 3 ± 1 1 μΜ Ca2+ (n = 15) Addition of the K+ lonophore vahnomycin 
(9 μΜ) stimulated Naj-dependent Ca2+ uptake by 120 ± 30% (и = 11) independent of medium 
Ca2+ concentration (7 5 x l 0 5 t o 5 x l 0 3 mM), indicating electrogenic behaviour of the NaV 
Ca2+ exchanger Hence, the apparent stoichiometry of the Na7Ca2+ exchange process appears 
to be greater than 2 Na+ to 1 Ca2+ 
Recalling that an average 53% of the vesicles in our preparation are resealed and 
assuming symmetrical behaviour of the Na7Ca2+ exchanger (Philipson, 1985), the maximum 
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Figure 4. Ca2*-depcndence of Na*-driven Ca2i uptake. Initial rates of Na+-driven Ca2* uptake (Na/KJ were 
corrected for 'non-specific' Ca2* uptake (Na, = Na0 = 150 mM). Ca2*0 was varied between 7.5xl0'5 and 2.5xl0"2 
mM. The inset shows an Eadic-Hofslee transformation of the data. V
m
- and Κ,,,-values are 7.2 nmol.min '.mg'1 
and 181 nM Ca2*, respectively, for the high affinity component and 32.1 nmol.min '.mg'1 and 3.3 μΜ Ca2* for 
the low affinity component (n = 15). 
velocity of the NaVCa2* exchange process with high affinity for Ca2* rises to 13.6 
nmol.min'.mg"1. Thus the maximum Ca2* transport capacity of the exchange process exceeds 
the capacity of the (Ca2++Mg2+)-ATPase by a factor of 6.27. 
The Ca2+ entry blocker bepridil (Garcia et αϊ 1988), when applied to the outside medium 
only, produced a dose-dependent and partial inhibition of NaVCa2+ exchange (Na, = 150 mM, 
Ca2* = 1 μΜ). The residual, bepridil-insensitive, activity was 44 ± 3%; the K, was 45 ± 9 μΜ 
(и = 4). A monophasic Hill-plot was observed and a Hill-coefficient of 1.3 ± 0.2 was derived, 
indicating 1 binding site for bepridil (Fig. 5). Bepridil inhibition was noncompetitive with Ca2+ 
(Fig. 6), which follows from the specific effect on the maximum velocity of the exchange 
process. 
Figure 7 summarizes experiments designed to evaluate the relative contribution of 
(Ca24Mg2+)-ATPase and Na+/Ca2+ exchange to Ca2+ uptake in basolateral membranes. ATP-
driven Ca2* uptake was determined in media containing graded amounts of NaCl in the pres-
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Figure 5 Dose-dependence of bepridil inhibition of NaVCa2* exchange in lilapia cnterocyte plasma membranes, 
determined at Na, = 150 mM, K,, = 150 mM and Ca2*0 = 1 μΜ Initial rales of Ca
2+
 uptake were corrected for 
'non-specific' uptake (Na, = Na0 = 150 mM) The residual, bepndil-insensilive, activity was 44 ± 3 % The mset 
shows a Hill-plot of the data; a Hill-coefficient of 1 3 ± 0.2 and a K, of 45 ± 9 μΜ bepridil was derived (n = 
4)· 
enee or absence (control) of ouabain. As the ouabain site of the (Na++K+)-ATPase is directed 
towards the vesicular lumen in the inside-out vesicles in which ATP-driven Ca2* transport takes 
place, vesicles were preincubated on ice for 2 h with 1 mM ouabain. In separate experiments 
it was ascertained that this treatment fully blocks (Na++K+)-ATPase activity in the membrane 
preparation. Ca2+ uptake in ouabain-treated vesicles was not affected by Na+. In control vesicles 
however, Ca2+-uptake was progressively stimulated (up to 100%) with Na* concentrations 
increasing up to 15 mM. At higher Na+ concentrations (up to 50 mM ) the stimulation of Ca2+ 
uptake decreased again, but remained elevated above the uptake in the presence of ouabain. 
The increase in stimulation of vesicular Ca2+ uptake by Na+ appeared the strongest around the 
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Figure 6. Effects of bepridil (80 μΜ) on the Ca2*-kinetics of Na7Ca2*-exchange in tilapia enterocyte plasma 
membranes. Inhibition proved noncompetitive for Ca2* as indicated by the specific effects on the maximum 
velocities of the exchange process (n = 3-15). 
Discussion 
We conclude from the data presented that Ca2+ absorption in the intestine of freshwater tilapia 
is Na* dependent and that a NaVCa2* exchange system in the basolateral plasma membrane of 
the enterocyte may contribute substantially to the active extrusion of Ca2t from cell to blood. 
The strong correlation between Na+ dependent, ouabain-sensitive transepithelial Ca2+ transport 
and the presence of a high affinity and high capacity Na7Ca2+ exchange in the basolateral 
membrane of the enterocyte in the fish intestine was not found for the mammalian intestine 
(Ghijsen et al. 1983). 
SODIUM DEPENDENCE OF CA2+ ABSORPTION 
To our knowledge this is the first study reporting net unidirectional Ca2+ fluxes across intestinal 
mucosa of a freshwater fish. The data indicate a potential role for fish intestine in whole body 
Ca2* homeostasis. No comparable studies on intestinal mucosa of other fish species are known 
to us. The close correspondence of the mucosa-to-serosa flux in the absence of sodium (with 
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Figure 7. ATP-dependenl and Na'-gradient-dcpendent Ca2* uptake in tilapia enterocyte plasma membrane 
vesicles. Initial rales (l-min determinations) of ATP-dependenl Ca2* uptake were corrected for ATP-indcpendenl 
uptake. The Na* concentration in the medium was varied between 0 and 50 mM, the Ca2' concentration in the 
medium was 5 μΜ (Na*+K*)-ATPasc activity was blocked by a 2 h preincubation of vesicles on ice with 1 mM 
ouabain Under ouabain inhibition, ATP driven Ca2' uptake is not affected by Na* In the absence of ouabain 
(when Na* will be accumulated in inside-out oriented vesicles as a result of (Na*+K*)-ATPase activity and hence 
a Na* gradient will be created) Ca2* uptake doubled around Κ,,,-values, for Na* (9 mM) of the (Na*+K*)-ATPase 
in these membranes (inset, η = 3) Ca2* uptake al 0 mM Na* was designated 100% Mean values for Iwo 
experiments in triplicate are given. 
presence of ouabain suggests that the serosa-to-mucosa flux is paracellular and that removing 
sodium completely abolished the transcellular active movement of Ca2+. We attribute the Na' 
dependence of Ca2t absorption by the fish intestine to a dependence on the Na7K+-ATPase 
activity in the basolateral plasma membranes of the enterocyte. The ouabain sensitivity of the 
mucosa to serosa Ca2' flux is in line with this contention. The partial inhibition of the transcel­
lular Ca2+ transport by ouabain could have resulted from an incomplete collapse of the electro­
chemical sodium potential. Wc found, however, that the mucosa-to-serosa flux decreased in 
the first 15-min period after addition of ouabain to a level that remained stable for the 
following 30 min. If the electrochemical potential for Na* indeed drives most of the net Ca2+ 
transport, this suggests that the largest drop in the Na* potential occurs in the first minutes 
after ouabain addition. This reasoning is in concordance with membrane potential and sodium 
content measurements in goldfish (Carassius auratus) intestine (Albus et al. 1979; Groot et 
al. 1981). In pilot experiments we observed large fluctuations in fluxes after about 1 h in the 
presence of ouabain. Therefore, we restricted the experimental time to 45 min. We tentatively 
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conclude that ouabain does not completely abolish transcellular movement of Ca2+ and that the 
residual net flux of Ca2* in the presence of ouabain results from Ca2+ extrusion mediated 
through Ca2+-ATPase activity. 
Proceeding from an intestinal surface of 50 cm2 in a 250-g tilapia for the first 30 cm 
intestine that we used in our studies, we calculated an intestinal Ca2+ uptake capacity from our 
in vitro data (Table 1) of 1.7 /mral.h'1. The branchial Ca2+ uptake for the same fish is 
calculated to be 3.6 ^moUï' (Favus et al. 1983). The numbers indicate the potential 
importance of the intestine for Ca2+ uptake in freshwater fish. This notion is in line with 
observations by Berg (1970) on freshwater goldfish. These fish increase their intestinal calcium 
absorption in soft waters with decreased availability of Ca2* in the water for branchial uptake. 
A more direct demonstration of the involvement of a NaVCa2* exchanger in transepithelial Ca2* 
transport awaits the development of more specific inhibitors. Bepridil (see below) is suitable 
to use as an inhibitor of NaVCa2* exchange in vitro (Garcia et al. 1988 and this study), but its 
side effects on e.g. ATPase activities (Younes et al. 1981) and on Ca2* channels (Spedding, 
1985) make the substance inappropriate for studies in intact tissue. 
ATP-ENERGIZED CA2* TRANSPORT 
The demonstration of an ATP-dependent Ca2* transporter in the fish enterocyte plasma mem-
brane, although unprecedented, could have been anticipated for a Ca2* transporting epithelium 
(in fact for any cell) and extends our observations on similar Ca2* transport mechanisms in fish 
gills (Flik et al. 1985b, 1985c; Flik and Perry, 1988; Flik et al. 1989; Perry and Flik, 1988). 
However, we were surprised by the low apparent transport capacity derived for the ATP-
energized Ca2* pump. The low capacity cannot be explained by artifacts introduced by the 
isolation procedure. A 2.5% recovery and a 9.3-fold purification of the plasma membrane 
marker Na7K*-ATPase are congruent with data previously published by us (Perry and Flik, 
1988; Verbost et al. 1988) and by others (Bayerdoerffer et al. 1985; Ghijsen et al. 1983; van 
Heeswijk et al. 1984) on a variety of Ca2* transporting epithelia. One could argue that a loss 
of calmodulin during the isolation procedure resulted in the low Vm observed. However, the 
high affinity for Ca2* per se is indicative of the presence of calmodulin in the preparation (Flik 
et al. 1985c; Verbost et al. 1989a). Moreover, addition of extra calmodulin to the membranes 
did not affect the kinetics of the Ca2* transport {data not shown) and this observation is 
consistent with similar data on Ca2* transport in fish gill plasma membranes (Flik et al. 1985c; 
Verbost et al. 1988). Furthermore, the numbers for resealing and inside-out orientation do not 
deviate from previously published data on comparable membrane preparations from fish (Flik 
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et al. 1985b) and mammalian tissues (Ghijsen et al. 1983; van Heeswijk et al. 1984). We 
conclude therefore that the tilapia enterocyte plasma membrane has a low density of ΛΤΡ-
dependent calcium pumps. An attractive hypothesis is that the low density of Ca2+ pumps in 
the fish enterocyte is apparently compensated for by a Na+-dependent Ca2+ extrusion system. 
This is consistent with the high (Na++K,)-ATPase content of the enterocytes and the presence 
of a plasma membrane bound NaVCa2+ exchanger with kinetic parameters favourable to Ca2* 
extrusion. 
NA+-DEPENDENT CA 2* TRANSPORT 
The Na7Ca2+ exchange activity in the plasma membrane of tilapia enterocytes resembles 
similar exchangers in plasma membranes of e.g. rat intestine (Hildmann et al. 1982; Ghijsen 
et al. 1983), kidney cortex (van Heeswijk et al. 1984; Jayakumar et al. 1984), dog red blood 
cells (Ortiz and Sjodin, 1984), cardiac sarcolemma (Philipson and Nishimoto, 1982; Philipson, 
1985; Philipson and Ward, 1986; Reeves and Hale, 1984; Reeves and Sutko, 1983), bovine 
retinal rod outer segments (Cook and Kaupp, 1988) or in Artemia membranes (Cheon and 
Reeves, 1988). First, since valinomycin stimulates Na7Ca2+ exchange in membrane vesicles 
(Naj = 150 mM, K* = 150 mM), the Na'/Ca2* exchanger appears to be electrogenic and 
transports therefore more than two Na* ions per Ca2+ ion. Second, bepridil inhibits the NaVCa2* 
exchange activity partially (56%) and noncompetitively for Ca2+. Our results on bepridil 
inhibition of NaVCa2* exchange corroborate in all aspects the data of Garcia et al. (1988), who 
investigated the mechanism of inhibition by bepridil of Na7Ca2+ exchange in porcine sar­
colemma. Third, the NaVCa2* exchange activity is located in the plasma membrane, where it 
is co-located with ouabain-sensitive (Na++K*)-ATPase and ATP-driven Ca2* pump activities 
(see Fig. 7). Fourth, data on vesicle Ca2* uptake determined under conditions that allow the 
controlled and simultaneous operation of the ATP-driven Ca2* pump and the NaVCa2* 
exchanger provide direct evidence in vitro for a significant contribution of the exchanger to 
Ca2* extrusion across the plasma membrane (see Fig.7). However, we cannot exclude that the 
kinetic properties of the ATPase and the exchanger are influenced by the isolation procedure, 
which may affect the relative contribution of either carrier to Ca2* transport and allows only 
a tentative extrapolation to their activities in the intact cell. 
A not fully apprehended result is that the Ca2* dependence of NaVCa2* exchange turned 
out to be biphasic (showing a high and a low affinity site for Ca2*). This biphasic response to 
Ca2* could have derived from the occurrence of different cell populations (e.g. crypt vs. villus) 
in intestinal mucosa. However, in contrast to mammalian intestines, where villus cells and 
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crypt cells each present a characteristic molecular make-up (van Corven et al. 1985), tilapia 
intestine provides a more simple and homogeneously folded mucosa without crypts. 
The biphasic response to the medium Ca2+ concentration was demonstrated by using Ca2+ 
buffers in the assay medium, which allows the precise definition of concentrations below 50 
μΜ Ca2+. There is a report by Gill, Chueh and Whitlow (1984), in which the Ca2t dependence 
of Na7Ca2+ exchange in rat cerebral synaptosomes was also studied using an assay system 
including Ca2+ buffers and in which a biphasic dependence on Ca2+ was found. A high affinity 
for Ca2+ in the submicromolar range (0.3 to 0.8 μΜ Ca2+) was derived. Unfortunately the low 
affinity component of their exchange activity proved unsaturable with Ca2+ and this prevented 
complete analysis of maximum velocities of the carrier. Many reports on NaVCa2* exchange 
(irrespective of the tissue or species investigated) describing a normal Michaelis-Menten 
relationship, have evaluated only the effects of Ca2+ concentrations above 50 μΜ, or do not use 
Ca2+ buffer systems. Exchange activity with a high affinity for Ca2+ could have gone 
undetected in such studies, but it could also result from using Ca24 buffers. 
The biphasic behaviour may also indicate the presence of two carriers. Bepridil inhibited, 
albeit partially, NaVCa2* exchange independently of Ca2+ concentration. Our data on bepridil 
inhibition do not allow the distinction of two carriers with different bepridil sensitivities. Gill 
et al. (1984) came to a similar conclusion evaluating the effects of the less potent drug 
amiloride (which in analogy to bepridil is assumed to interact with a sodium site [Slaughter 
et al. 1988]) on synaptosomal Na7Ca2+ exchange. Fitting our kinetic data of the NaVCa2* 
exchanger to the sum of two separate saturable processes suggests the existence of separate 
biochemical entities. However, this fit was only used to describe our data reproducibly. To our 
knowledge there are at the moment no probes for the Ca2+ site(s) of the Na7Ca2+ exchanger 
that would allow specific (pharmacological) discrimination of classes of Ca2+ sites on the mole­
cule as indicated by our studies. Cd2+ may prove a useful tool for this purpose, as its inter­
action with the Ca2t site of the Ca2* pumping ATPase was shown to be highly specific 
(Verbosi et al. 1989a). For the complex Ca2+ dependence of the NaVCa2* exchange process an 
important analogy may well exist with the kinetic behaviour of the gramicidin ion channel. ITie 
conductance profile of the dependence of this channel upon ion activity is well represented by 
a biphasic Eadie-Hofstee plot assuming two interacting sites for the permeant ion (shown to 
be realistic for Cs*, Rb*, K* and HH conductance of valine-gramicidin A in artificial bilayers 
(Sandblom et al. 1977; Eisenmann et al. 1978). An attractive hypothesis that arises from our 
data is that the enterocyte NaVCa2* exchanger has two interacting Ca2* sites. At low [Ca2,]'s 
the NaVCa2* exchanger displays high affinity for Ca2* and this allows involvement of NaVCa2* 
exchange in the extrusion of cytosolic calcium. 
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CHELATOR: An Improved Method for 
Computing Metal Ion Concentrations 
in Physiological Solutions 
Summary 
An algorithm is presented for the calculation of metal ion concentrations from given total metal 
concentrations (and vice versa) in physiological media, containing metal chelating compounds. 
In such media, conditions differ from those used for stability constant determination of metal-
chelator equilibria, and therefore calculated metal ion concentrations are incorrect. We 
recompute stability constants to reflect the effects of ionic strength and temperature of 
physiological solutions. Twelve different equilibria can be considered per metal chelator pair. 
The computer program also calculates the contribution of ionized species of metals, chelator, 
complexes and pH buffers to ionic strength Measurements with a Ca-selective electrode and 
with fura-2 show that calculated ionic Ca2* concentrations are correct from 10 nM up to the 
millimolar range. The importance of the correct calculation of metal ion concentrations in 
physiological experiments is demonstrated by data, and derived kinetic parameters, on Na7Ca2+ 
exchange and the ATP-dependent Ca2+ pump of enterocyte plasma membrane vesicles. The 
program is written in Turbo Pascal® and will run on IBM-compatible computers. It is menu-
driven and supports the use of a Microsoft® mouse. 
Introduction 
The study of many biochemical and physiological processes requires low and accurately 
controlled metal ion concentrations. As intracellular metal ions are, for instance, involved in 
the regulation of enzyme activities (Flatman, 1988; Simons, 1991) or function as a second 
messenger to hormonal stimulation (Carafoli, 1987), an accurate control of their concentration 
Th J M Schoenmakers, G J Visser, G Flik and A Ρ R Theuvenet (1992) Biotechniques 12, 870-879 
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is essential in studies on such mechanisms. This also holds true for toxicological studies on 
the effects of low intracellular concentrations of heavy metal cations (Schoenmakers et al. 
1992a; Verbost et al. 1988; Verbost et al. 1989a). Although the computer program we present 
can be used for the calculation of ionic concentrations of any metal species, we will focus on 
the calculation of Ca2+ ion concentrations here, since the intracellular role and the in vitro 
control of ionic Ca2* levels have been widely studied {e.g. Carafoli, 1987; Fabiato, 1988). 
Submicromolar Ca2+ ion concentrations, as occur in the cytosol of all cells studied so far, 
may be produced through the use of chelating substances (chelators). A more constant 
buffering capacity over a range of Ca2+ concentrations may be obtained by mixing chelators 
(Miller and Smith, 1984). Thus, use of a combination of chelators with distinct calcium 
affinities, e.g. EGTA plus HEDTA plus NTA (Flik et al. 1985c, 1990; van Hecswijk et al. 
1984; Verbost et al. 1988, 1989a), allows an accurate control of Ca2' concentration over a wide 
range. However, with increasing numbers of chelators, equilibrium calculations become 
increasingly complex. 
During the last decade several methods were published to perform such calculations (e.g. 
Chang et al. 1988; Fabiato et al. 1988; Fabiato and Fabiato, 1979; Harrison and Bers, 1989; 
van Heeswijk et al. 1984; Storer and Cornish-Bowden, 1976). The composition of the solutions 
under study ranged from simple (Harrison and Bers, 1989) to complex (Chang et ai 1988; van 
Heeswijk et al. 1984). Pivotal for all calculations is the correct choice for the stability 
constants of the equilibria under consideration. The stability constants have to account for 
experimental conditions, i.e. ionic strength and temperature, which influence metal-chelator 
equilibria. 
Physiologically relevant conditions (e.g. an iso-osmotic NaCl-based solution at 37 0C 
with a pH of 7.4) differ from those commonly used to determine stability constants: a 0.1 M 
KN03 solution at 20 0C with a pH of 7.0 (Martell and Smith, 1974-1982; Sillén and Martell, 
1964). The biologist then has the choice to a) determine the stability constant himself for his 
particular experimental conditions, b) use a published stability constant measured at his 
experimental conditions or c) correct the published stability constant (measured at different 
conditions) to reflect the change in experimental conditions. In a simple one metal-one chelator 
system (e.g. Ca2+ and EGTA) changes in apparent Ca-affinity of the chelator as a result of the 
particular experimental conditions can be measured and used for further calculations (Harrison 
and Bers, 1987). However, to determine the change in a single stability constant in a complex 
solution may be very complicated or impossible. Compilations of stability constants do not list 
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many constants measured at biologically relevant conditions, since few such determinations 
have been performed or described adequately (Martel! and Smith, 1974-1982). Thus, correcting 
the 'standard' stability constant to reflect changes in ionic strength and temperature is the most 
feasible option when equilibria in multi-metal, multi-chelator solutions have to be computed. 
Calculations using stability constants properly corrected for effects of ionic strength and 
temperature have been shown to accurately predict experimental results, when applied to a 
solution containing calcium and EGTA (Harrison and Bers, 1989). We here extend this method 
to include additional reactions, which can become important when other metals or chelators 
are to be considered. 
At non-zero ionic strength the chemical activity of all ions, including protons, is related 
to their concentration through an activity coefficient γ (a = с • γ). The pH then is the negative 
logarithm of the H+ activity, not of the H* concentration. Stability constants for complex 
formation are expressed in terms of ΙΓ concentration (Martell and Smith, 1974-1982; Tsien 
and Rink, 1980). Accordingly, ΙΓ activity (derived from the pH) must be converted to H+ 
concentration before performing equilibrium calculations, or mixed constants should be used. 
Though some were familiar with these limitations (Scharff, 1979), others appear to have 
overlooked this point (Chang et al. 1988; van Heeswijk et al. 1984). The much used algorithm 
of Fabiato and Fabiato (1979), for instance, is incomplete without the correction published by 
Fabiato (1981). 
Most methods published so far calculated the equilibria of the complex formation of 
either protons or metal ions with chelator molecules without considering other possible 
reactions (Fabiato, 1988; van Heeswijk et al 1984; Storer and Cornish-Bowden, 1976). 
Binding of a second metal ion to a metal-chelator complex, or deprotonation of a H20 
molecule of the water shell of the complex, are examples of reactions known to occur, 
particularly when multivalent metal ions are concerned (Martell and Smith, 1974-1982). To the 
best of our knowledge, only Chang et al. (1988) incorporated numerous side-reactions in their 
calculations. Unfortunately, their program does not correct stability constants for 'non-standard' 
conditions, and it is limited to solutions containing at most three chelators. Here we describe 
a computer program that supports up to 15 different metals and chelators, corrects stability 
constants for effects of ionic strength and temperature, and can consider twelve different 
reactions per particular metal-chelator pair. We found extremely good agreement between 
calculated and measured Ca2+ concentrations ranging from 10 nM up to 0.1 mM. Also, 
apparent kinetic anomalies of Ca2+ transport mechanisms can now be explained. 
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Materials and Methods 
CHEMICALS 
All chemicals used were of analytical grade. Fura-2 was obtained from Molecular Probes Inc., 
Eugene, Oregon, USA. EGTA, HEDTA, NTA, ATP (Tris salt), HEPES and Tris were obtained 
from Sigma Chemical Company, St. Louis, Missouri, USA. All other chemicals were from 
E. Merck, D-6100 Darmstadt, Germany. 
BASIC CALCULATIONS 
In a solution containing both chelators and metals, the total amount of chelator molecules 
equals the sum of all chelator molecules complexed to the various metals and protons, and of 
the unbound molecules. A similar relationship holds true for all metal species: the total 
concentration of a metal species equals the sum of all concentrations of complexed forms, plus 
the concentration of the ionic form. These relationships may be represented by the following 
equations: 
To = FCl + Bc, (eq. 1) 
where TCl stands for the total concentration of the ith chelator in the system, Fc, for the 
concentration of unbound chelator i and Bc, for the concentration of bound chelator i. In the 
same way, 
TM, = FMj + BM, (eq. 2) 
where M stands for the yth metal in the system. 
The equilibrium reaction describing the formation of the complex of one chelator and one 
metal species is characterized by its stability constant, which is measured at a specific ionic 
strength and temperature. We have taken most of the stability constants involved in our 
calculations from the series compiled by Martell and Smith (1974-1982), which presents a 
concise set of unequivocal data. Where this scries was incomplete, we consulted the 
compilation by Sillén and Martell (1964). 
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where ·Η 20 represents water molecules in the water shell of the complexes and (OH) 
represents shell hydroxide ions. Since various metals and chelators in the system may have 
different electrical charges, they were omitted for clarity. 
The equilibrium concentration of a chelator-metal complex is given by the free 
concentrations of chelator and metal, and their stability constant. Thus, we may express BQ as 
a function of FC|. Then, T t l becomes solely a function of Fc,. Using coefficient matrices to 
gather the chelator-metal interactions into two groups, we may rewrite equation 1 as 
T 0 = FCl • Ml, + F
2
a
 · M2, (eq. 3) 
where Ml and M2 are coefficient matrices, which are defined as follows: 
м і ^ ] і + Е [ н т П к ; у + 
Σ {F4J · (K¿' + K;{-K¿' + К£-К?/[Н+] + K¿'-KÍ'-K¿'/[H+]2 + 
к;{-к£-ку + к;;-^-ку-клн + ])} + 
Σ {Fa, · (K¿'-K¿' + Κ;{·Κέ'·Κέ'·[Η+] + K^-(K^-K^2-KW/[H+]2 + 
K¿'-K¿'-K^-K¡'-K¿/[Hf)} 
and M2,= ZiKj- (K^(K¿'-K^2/[H+]2)} plus, if K¿j o 0, 
+ KU + % {FMJ • (K¿'-K¿0}, 
where Kw is the ion-product of water (H20 »* H+ + OH") and Κχ' represents the stability 
constant for reaction X between chelator t' and metal ;'. Similar equations have been described 
by van Heeswijk et al. (1984) who, however, only considered the reactions with stability 
constants Al through С (which produces a linear, not a quadratic, equation). Solving equation 
3 for FCl we obtain 
Fc = (-Ml, + ^(Ml,2 + 4-M2,-TQ)) / (2-M2,), (eq. 4) 
yielding a single solution for F
c
„ since 0 s F
c
, s TCl. The concentrations of free chelator 




The second part of the calculation is concerned with calculating total metal concentra­
tions. To this end parts of the matrices Ml and M2 can be rewritten as separate matrices Al 
to A4, which are used in the calculation to follow: 
Al
w
 = (K4' + KfrKl! + К£-К£'/[Н+] + Κ£·Κ?·Κέ'/[Η+]2 + 
Κ^-Κέ'-Κ? + K^K^Ky-K¿y[H+]) 




 = (Κ,^Κέ'-Κ^/ΙΗ*]2) 
A 4 y = (K¿'-K;O. 
The relationship between Т
м
 and FM is similar to that of T c and Fc: 






 (eq. 5) 
where M3, = 1 + ^ F Q - A I ^ + (if K¿' <> 0) Σ F2,-A4y 
andM4J = EFC l-A2y + EF
2
I-A3 y. 
The free chelator concentrations calculated from equation 4 can now be inserted in these 
formulae. Equation 5 will then yield the total metal concentrations required to obtain the 
desired metal ion concentrations. 
Also, a metal ion concentration may be calculated from a given total metal concentration 
by performing the above calculations in an iterative procedure. The total metal concentrations 
are used as a first estimation for the metal ion concentrations. The program then compares the 
outcome of the calculations with the known total metal concentration, and decreases its 
approximation of the respective metal ion concentration by the square root of the ratio total 
metal concentration versus metal ion concentration. 
CORRECTION FOR IONIC STRENGTH EFFECTS 
Most tabulated stability constants have been determined at the standard ionic strength of 0.1 M 
KNO,. At this ionic strength the activity of ions is smaller than their concentration. This can 
be expressed as a = с · γ, where γ is the activity coefficient (here 0 < γ < 1). This also holds 
true for H+ ions: the pH is no longer the negative logarithm of the H+ concentration, but of the 
H+ activity. The activity coefficient γ at 0.1 M ionic strength (and 20 0C) is 0.77, so the pH 
of a solution containing 107 M H* ions would not be 7.00, but 7.11. Conversely, a solution 
with a pH of 7.00 contains 1.3 · 107 M H+ ions. This effect becomes increasingly important 
at higher ionic strengths (as γ decreases more) and even more so for chelators that bind more 
than one proton, such as EGTA. 
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The activity of all ions decreases with increasing ionic strength (note: at high 
unphysiological ionic strength γ will increase again, and can even exceed the value of 1), but 
also with increasing electrical charge. For divalent cations and anions the activity equals the 
concentration multiplied by γ2, for trivalent ions a = с · γ3, etcetera. Since most of the metals 
and chelators involved in the calculations presented here have multiple electrical charges, 
correcting for effects of ionic strength is vital for a correct calculation of metal ion 
concentrations. 
A semi-empirical form of the Giiggenheim-Davies extension of the Debye-Hiickcl 
limiting law was used to correct the stability constants К for the effects of ionic strength 
(Butler, 1964; Harrison and Bers, 1987): 
logK' = logK+F-( log/ ¡ - log/ ' J ) , 
where K' is the constant after and К the constant before correction, fi the activity coefficient 
of ion j at the tabulated ionic strength and f] that for the desired conditions. Harrison and Bers 
have described the factor F as 2xy, where χ is the valence of the metal cation and y is the 
valence of the chelator anion (Harrison and Bers, 1987; Harrison and Bers, 1989). This 
formula, however, may only be used when referring to reaction Β (M + С ** MC; see above). 
We calculate F by subtracting the sum of the squares of the electrical charges of the species 
on the left hand side of the equilibrium sign from the squares of the electrical charges of the 
species on the right hand side (Butler, 1964): e.g. for reaction С 
F = (M + С + I)2 - M2 - (С + I)2 = 2MC + 2M. So, F is calculated according to different 
formulae, depending on which stability constant is being corrected for effects of ionic strength 
(Table 1). The activity coefficient yj is calculated by: 
log/; = (1.8246·Ι06/(εΤ)15) · (Vi / (1 + Vi) - 0.25 · I), 
where ε is the relative dielectric constant of water (we correct this constant for the temperature 
used), Τ the absolute temperature and I the ionic strength in ionic equivalents (Harrison and 
Bers, 1987). 
The program calculates the various degrees in which ionized species of metals, chelators, 
metal-chelator complexes and pH buffers contribute to the ionic strength of the solutions. To 
this end the pKa of the pH buffers is also corrected for effects of ionic strength. 
CORRECTION FOR TEMPERATURE EFFECTS 
Metal-chelator equilibria arc influenced by temperature. Forward and backward reactions of 
the equilibrium are accelerated at different rates at higher temperatures. Stability constants of 
33 
Chapter 3 
metal-chelator equilibria are usually determined at 20 °C, which means that they have to be 
corrected before they can be used for calculations involving other temperatures. The shift in 
the overall stability constant as a response to temperature changes can be expressed by a ΔΗ-
value, reflecting the change in enthalpy of the reaction. The effect of temperature is calculated 
by using Van 't Hoff's Isochore (Harrison and Bers, 1987): 
log K' = log К - (ΔΗ / (In(lO) • R) · (T"1 - T1)), 
where R is the universal gas constant (8.314 · 101 kJ.mor'.K') and ΔΗ is expressed in 
kJ.mol''. Van 't Hoff's Isochore was also used to correct K
w
 (the ion-product of water) for 
temperature effects. This correction implicitly assumes that ΔΗ remains unchanged for Τ and 
T'. Table 2 shows stability constants corrected for ionic strength and temperature that were 
used in the calculations presented below. 
Table 1. Calculation of coefficient F for various reaction types 
Reaction Electrical charges Formula for F 














М / С 
M / C + 1 
M / M + c 
M / M + С + 1 
M + с 
M + C - 1 
2M + С / -1 
2M + С - 1 / -1 
M + C + 1 
M + C 
M + C - 1 / M + C - 1 
C / C 
M / 2 C 
M+C 
M + C + 1 
2M + С 
2M + С + 1 
M + C - 1 / 1 
M + C - 2 / 1 
2M + С - 1 
2M + С - 2 
M + C / 1 
M + C - 1 / 1 
2(M + С - 1) 
2C 
M + 2C 
2MC 
2 M ( C + 1 ) 
2M(M + C) 
2(M2 + MC + M) 
2(1 - M - C) 
2(2 - M - C) 
-2(2M + C) 
-2(2M + С - 1) 
-2(M + C) 
2(1 - M - C) 
2(M2 + C2 + 2MC 
2 M - 2 C + 1 ) 
2C2 
4MC 
M represents the electrical charge of the metal species, and С represents the electrical 
charge of the chelator species. 
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FEATURES OF THE COMPUTER PROGRAM 
Figure 1 shows an example of the program-user interface. We have subdivided the user input 
into logical steps through the use of pulldown-menus, which may be operated through the 
keyboard or by a Microsoft® compatible mouse. By using such a program structure, the user 
does not have to be familiar with the actual calculations, nor worry about possible syntax-
errors in input files. 
The program makes use of a data file to store information about all compounds and 
media composition. Every single user may make personal data files. All stability constant data 
may be edited, modified and stored. Also, the specified media composition, ionic strength, 
temperature and pH are stored in the data file. Thus, routine calculations can be performed 
quickly by retrieving the specific data file and proceeding straight to the calculations. The 
program produces a printout of the calculation results, including all stability constant and 
media composition data, upon demand. 
Figure 1 Use of Chelator lo calculate metal ion concentrations This figure shows the pulldown-menu in which 
a combination of chelator is selected It demonstrates the way in which the entire program is subdivided into 




Table 2. Apparent stability constants of combinations of metals and chelators corrected 

































Kl, K2 and КЗ represent stability constants for the binding of the metal to the unproton-
ated, mono- and diprotonated chelator, respectively. Electrical charges were omitted for 
clarity. 
MEASUREMENT OF IONIC [CA 2 + ] 
Ionic Ca2+ concentrations above 0.5 μΜ were measured with a Ca2+ selective electrode (Philips, 
IS 561-Ca) in combination with a double junction reference electrode (Philips, RH 44/2-SD/l). 
The inner compartment of the reference electrode contained saturated KCl, the outer 
compartment 100 mM KCl. The Ca-electrode was calibrated with chelating compound-free 
solutions with Ca2+ concentrations down to 1 μΜ, which contained 150 mM KCl, 1.5 mM 
MgCI2 and 20 mM HEPES, adjusted to pH 7.4 at 37 0 C with Tris. The water used in the 
preparation of the solutions was purified by reverse osmosis followed by distillation and 
subsequent treatment by the Milli-Q® (Millipore) water purification system. Calcium 
contamination of the HEPES/Tris buffered solution was measured by Coupled Plasma Atomic 
Emission spectrometry (Plasma 200, Instrumentation Laboratory) and amounted 1.2 ± 0.2 μΜ. 
Solutions of a desired Ca2* concentration (0.5 - 10μΜ) were prepared in 150 mM KCl, 
1.5 mM ionic Mg2* (total Mg ranged from 4.971 to 4.717 mM), 3 mM ATP, 0.5 mM EGTA, 
0.5 mM HEDTA, 0.5 mM NTA and 20 mM HEPES, adjusted to pH 7.4 at 37 °C with Tris. 
















Figure 2. Calibration curve of the Ca-electrode used for measurement of Ca2* ion concentrations prepared in a 
buffer containing Ca24-chclators. The electrode potential VQ, of chclator-free (filled circles) and Ca2*-chelator-
containing (open squares) solutions is plotted against pCa (pCa = -log ([Ca7*])). The Ca2* ¡on concentration of 
the buffer containing the Ca2*-chelators was calculated with Chelator. The solid line represents the result of linear 
regression of these data. The bars represent the standard errors of the mean of triplicates. The slope of the 
regression line is 30.13 mV/decade. 
concentrations in the above metal buffering solution were calculated with the computer 
program presented here. The Ca2t ion concentrations of these metal buffered solutions were 
measured with the Ca2+ selective electrode, as described above. 
Solutions containing Ca2+ concentrations in a 10 - 800 nM range were prepared in an 
analogous way in the Ca2+ buffering solution described above, to which the fluorescent Ca2+ 
indicator fura-2 was added to a final concentration of 0.25 μΜ. The fluorescence of these 
solutions was measured at 510 nm (slit 10 nm) at excitation wavelengths 340 and 380 nm (slit 
5 nm) with an Aminco SPF 500 spectrofluorimeter, operating in the ratio mode. The 
calibration of the fluorescence signal in terms of the Ca2+ ion concentration was done according 
to Grynkiewicz et al. (1985), assuming that fura-2 binds Ca2+ with a dissociation constant of 
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Figure 3. Verification of Ca2* ion concentrations calculated with Chelator Ca2* ion concentrations measured with 
the Ca-eleclrode (open squares) or fluorimelncally with fura-2 (open triangles) are plotted against the Ca7* ion 
concentration calculated with Chelator. The solid line represents the result of linear regression of these data, the 
bars the standard errors of the mean of triplicates. The slope of the regression line is 1 0. 
Results and Discussion 
The calibration curve of the Ca2+ selective electrode used in this study is shown in Figure 2. 
The Ca-electrode showed Nernstian behaviour over the entire range of Ca2t concentrations 
applied. The slope of the electrode response was 30.13 mV/decade change in Ca2+ ion 
concentration, which almost equals the value of 30.08 mV/decade predicted by the Nernst 
equation. The figure furthermore shows that the data points referring to Ca2+ concentrations of 
the chelating agents containing solutions, which were calculated with our computer program, 
do not deviate significantly from the calibration curve down to 0.5 μΜ ionic Ca2*. The 
electrode began to deviate from Nernstian behaviour below 0.5 μΜ (data not shown). 
Ionic Ca2* concentrations from 0.83 μΜ down to 10 nM, prepared in the solution 
containing EGTA, HbDTA, NTA and ATP, were measured fluorimetrically with fura-2. 
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Figure 4. Errors in calculating metal ion concentrations. Calcium ion concentrations ([Ca2*],-^,^) were calculated 
with Chelator for a solution of 0 165 M total ionic strength (in ionic equivalents) at 37 "C containing as metal 
chelators 3 mM ATP, 0 5 mM EGTA, 0 5 mM HEDTA and 0 5 mM NTA. Then, the total metal concentrations 
served to calculate metal ion concentrations ([Ca2*],^,,) according to a method that does not implement several 
corrections (van Heeswijk el al 1984). The ratio of [Ca2*]0,</[Caz*]cl«.la,or is plotted as a function of [Ca2*],^,,,,. 
The largest and most serious differences are observed in the nanomolar range of metal ion concentrations, which 
is critical for the exact determination of the Ca2* affinities of intracellular Ca2* acceptors The errors in the older 
method result mainly from an incorrect interpretation of pH values, but also from the use of stability constants 
that were not all corrected for the experimental ionic strength and temperature 
Figure 3 shows that over a range of Ca2+ concentrations from 10 nM to 10 μΜ the 
measured Ca2+ ion concentration was (within experimental error) equal to that calculated by 
Chelator. 
Figure 4 shows that ignoring several criteria mentioned above can lead to substantial 
errors in calculating metal ion concentrations. Not interpreting pH as the logarithm of the H+ 
activity, but of the H+ concentration, underestimates the binding of H+ ions to EGTA. As a 
result of this, a calculation routine (e.g. the method described van Heeswijk el al. (1984)) that 








most of the Ca2* chelating action in the nanomolar concentration range, is available to bind 
Ca2+. Our calculations and the Ca2+ measurements described above clearly show that, when 
such a method is used, ionic Ca2* is underestimated in this concentration range. 
What effect can incorrect calculation of metal ion concentrations have on the 
interpretation of kinetic studies on Ca2+ affinities of Ca2+ transporting membrane proteins? Our 
experimental work involves the characterization of Ca2H transport mechanisms in the intestine 
of the freshwater fish Oreochromis mossambicus. To this end we isolate membrane vesicles 
from the basolateral side of the epithelial cells and perform A5Ca uptake studies in Ca2+-
buffered solutions. When we used the calculation routine published by van Heeswijk el al. 
(1984), we found that the ATP-dependent Ca2+ pump in these membranes displayed a V
max
 of 
0.63 ± 0.04 nmol.min'.mg'1 and a Y^ of 27 ± 4 nM (Flik et al. 1990). At intracellular Ca2* 
concentrations around 85 nM (Schoenmakers et al. 1992a), the Ca2* pump would therefore be 
operating near its maximum velocity. The pump would respond rather slow to changes in 
intracellular Ca2* levels and would not be functional in regulating intracellular Ca2+ 
concentration. When we performed the experiments again, using Ca2* buffered solutions 
calculated with Chelator, we found a similar V^, (0.81 ± 0.05 nmol.min '.mg') but a quite 
different 1^, i.e. 88 + 17 nM. This value is much more plausible for a mechanism thought to 
be involved in intracellular Ca2* regulation, since intracellular substrate concentrations arc often 
found to approximate to the Y^ of the enzyme involved in its regulation (Pressley, 1988). 
Figure 5 shows the effects of an incorrect calculation of Ca2* ion concentrations on the 
kinetic analysis of the Ca2* dependence of Na7Ca2+ exchange activity in these membrane 
vesicles. We previously found a complex kinetic behaviour that predicted more than one Ca2* 
site (Flik et al. 1990). We described this kinetic behaviour using a double Michaelis-Menten 
relationship, where the two K^ values were 181 nM and 3.3 μΜ. The correct calculation of 
Ca2* concentrations with Chelator has a drastic effect on this behaviour. Na*/Ca2+ exchange 
activity now obeys a single Michaelis-Menten relationship, displaying a Kn, of 1.21 ± 0.06 μΜ 
(Schoenmakers et al. 1992a). This value, and the kinetic behaviour, are comparable to data 
found in the literature (eg. Reeves and Philipson, 1989). However, in most of the latter studies 
on NaVCa2* exchange no Ca2* chelators were used to control ionic Ca2* levels. The apparent 
fall in Ca2* affinity does not mean that NaVCa2* exchange is not involved in Ca2* homeostasis 
in these cells: the high V,,,,,,, together with the stimulatory effect of an inside-negative cell 
membrane potential on the electrogenic exchanger, more than compensate for the relatively 
high K,,,. This still designates NaVCa2* exchange as the primary candidate for the regulation 
of intracellular Ca2* levels and as the transport protein chiefly responsible for transcellular Ca2+ 
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Figure 5. Correct calculation of Ca2* ion concentrations results in an apparent change in kinetic behaviour of 
NaVCa2* exchange This is a Lineweaver-Burk plot of the Ca2* dependence of NaVCa2* exchange activity in 
isolated basolalcral plasma membrane vesicles from intestinal cells of Oreochromis mossambicus Filled squares 
and dashed line denote the NaVCa2* exchange activity (л = 15) as published by Fhk et al (1990) that was 
determined using Ca2* ion concentrations calculated by the method of van Hceswijk et al (1984) The kinetic 
behaviour could only be described adequately by a double Michaelis-Menlen relationship with K^'s of 181 nM 
and 3.3 μΜ When the experiment was performed using Ca2* concentrations calculated with Chelator 
(Schoenmakers et aL 1992a), the data (filled circles and solid line) obeyed a single Michaelis-Menten relationship 
with a K,, of 1 21 ± 006μΜ (π = 5) 
Conclusions 
We must stress that, although we here focus on the control of Ca2' ion concentrations, the 
program is evenly well suited to calculate ionic concentrations of any other metal species. We 
have used it successfully in in vitro studies on the effects of Cd2* on Ca2+ transporting 
membrane proteins (Schoenmakers et al. 1992a), demonstrating the applicability of the 
program in toxicological studies. Since changes in binding equilibria induced by differences 
in ionic strength become progressively important with increasing valencies of the metal ions 
involved, studies on the effects of such metals may benefit especially from the use of Chelator. 
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The measurements using fura-2 fluorescence and the selective Ca2+ electrode show that 
this metal ion buffering system behaves according to our calculations from 10 nM Ca2+ up to 
the micromolar range. The mixture of EGTA, HEDTA and NTA indeed appears to be well 
suited to accurately control Ca2* concentrations over a wide range. The correlation between 
calculated and measured Ca2+ concentrations is excellent. It appears that, provided that all 
equilibria involved in metal-chelator binding are carefully computed, metal ion concentrations 
can be correctly calculated by a computer program, such as Chelator. This, of course, is a 
prerequisite for performing and analyzing experiments involving the effects of low metal ion 
concentrations on physiological processes. 
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Transcellular Intestinal Calcium Transport 
in Freshwater and Seawater Fish and its 
Dependence on Sodium/Calcium Exchange 
Summary 
Transepithelial calcium uptake and transcellular calcium uptake mechanisms were compared 
in the proximal intestine of freshwater and seawater adapted tilapia, Oreochromis mossambicus. 
Stripped intestinal epithelium of seawater fish showed a higher paracellular permeability to 
calcium in vitro. Net transepithelial calcium uptake was 71% lower, reflecting a physiological 
response to the increased inward calcium gradient. (Na'+K^-ATPase activity was significantly 
enhanced in enterocytes of seawater-adapted fish, in line with the water transport function of 
the intestine in seawater fish. The Vmax and the K,,, for Ca2+ of the ATP-dependent Ca2+ pump 
in seawater fish enterocytes were 28% lower than in freshwater fish. The K,,, for Ca2+ of the 
Na'/Ca2* exchanger was 22% lower, and a 57% decrease in the V^, for Ca2+ of the exchanger 
was observed. Apparently, the density of exchanger molecules in the basolateral plasma 
membrane is reduced. From the correlation between the differences in net intestinal calcium 
uptake and Na7Ca2+ exchange activity we conclude that Na7Ca2+ exchange is the main 
basolateral effector of transcellular calcium uptake. 
Introduction 
The Na7Ca2+ exchanger is a plasma membrane protein crucial to calcium homeostasis in e.g. 
muscles and neurons (DiPolo, 1989). During the last decade, the opinion prevailed that the 
protein might be typical of excitable cells (Baker, 1986). Non-excitable cells normally do not 
develop the high intracellular ionic Ca2* concentrations characteristic of the former. Therefore, 
the contribution of the NaVCa2* exchanger — having a relatively low Ca2+ affinity — to 
Th.J.M. Schoenmakers, P.M. Verbosi, G. Rik and S.E. Wendelaar Bonga. Accepted for publication in J. Exp. Biol. 
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cellular calcium homeostasis of such cells was thought to be of minor importance. In recent 
years, however, evidence accrued that the exchanger can be found in quite a number of non-
excitable cells. Cells in ion-transporting epithelia were repeatedly shown to display NaVCa2* 
exchange activity, which was involved in transcellular ion transport (Flik et al. 1990; Taylor, 
1989). The Na7Ca2+ exchanger can serve different purposes in non-excitable cells, as shown 
by its involvement in volume regulation and Na* extrusion in canine erythrocytes (Parker, 
1988; Schoenmakers and Flik, 1992). Basolateral membranes of enterocytes of the freshwater 
fish Oreochromis mossamhicus (tilapia) have been shown to display a weak ATP-dependent 
Ca2+ pump activity and a vigorous NaVCa2* exchange activity (Flik et al. 1990; Schoenmakers 
étal. 1992a). 
The issue of the importance of the NaVCa2' exchanger in non-excitable cells is interlaced 
with the topic of its regulation. In vitro, the functioning of the NaVCa2' exchange protein has 
been modulated in many ways: membrane composition, intracellular Ca2* concentration and 
cellular energy status are factors known to influence NaVCa2* exchange activity (DiPolo, 1989; 
Philipson and Ward, 1985). Such studies are performed on cells or tissues in a steady-state. 
Few studies have concentrated on the question how altered physiological requirements are 
reflected by changes in the activity of the NaVCa2* exchanger (e.g., Tibbils et al. 1989). 
We here provide data on the importance and regulation of the NaVCa2* exchanger in an 
ion-transporting cell. We used the intestine of the tilapia as a model of an ion-transporting 
epithelium. The tilapia is an euryhaline fish and able to live in freshwater, as well as in full 
strength seawater. Freshwater fish are hyper-osmoregulators concerned with the active uptake 
of ions needed for metabolism and growth. They drink little and take up most of the 
monovalent ions they need (such as Na+, K* and СГ), as well as most of their calcium, via 
their gills (Mayer-Gostan et al. 1987; Fenwick, 1989). Seawater fish, however, are hypo-
osmoregulators confronted in particular with osmotic water loss. Therefore, seawater fish drink 
large amounts of seawater and excrete, via the gills and kidneys, the excess ions taken up in 
the intestine (Maetz, 1976). 
Freshwater fish need extra calcium during growth and ovarian maturation or when the 
calcium concentration in the water is low, as in soft freshwater (Flik et al. 1986). Under the 
latter circumstances fish experience extra calcium loss as a result of an increased epithelial 
permeability to calcium (Höbe et al. 1984). When faced with such adverse conditions, they 
supplement branchial calcium uptake with an increase in intestinal uptake (Berg, 1970). 
Experiments on tilapia in our laboratory have shown that the net branchial uptake of 
calcium — sufficient for growth and homeostasis of fish in freshwater containing around 1 
mM Ca2+ — increases when the fish are transferred to seawater: branchial Ca2+ influx is not 
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affected, but branchial Ca2+ efflux is drastically reduced (Flik, personal observations). Drinking 
of seawater that contains around 10 mM calcium will lead to an excess influx of calcium in 
seawater fish, unless the intestinal uptake of calcium is strictly controlled. Paracellular influx 
of calcium in the intestine is counteracted by the generation of an inside-positive transepithelial 
potential (Maetz, 1976). Here, we concentrate on another means of decreasing net calcium 
uptake, i.e., the reduction of the active transcellular transport of calcium across the intestine. 
We measured unidirectional calcium fluxes in stripped intestinal epithelium of freshwater 
and seawater-adapted fish. The isolation of basolateral plasma membrane vesicles allowed us 
to test which of the two extrusion mechanisms for Ca2+ (ATP-dependent Ca2t pump or Na7 
Ca2+ exchange) is more involved in transcellular calcium uptake under these conditions. 
Materials and Methods 
HOLDING CONDITIONS OF FISH 
Male freshwater tilapia from laboratory stock, weighing around 250 g, were held in 100 I 
tanks. The aquaria were supplied with running tap water (0.7 mM Ca, 250C) under a 
photoperiod of 12 h of light alternating with 12 h of darkness. Animals were fed Trouvit® 
fish pellets (Trouw & Co., Putten, The Netherlands), 1.5% body weight per day. 
Artificial seawater was prepared by dissolving natural sea salt (Wimex, Krefeld, 
Germany) to the prescribed density of 1.022 g.l"1. Fish were first transferred to half-strength 
seawater. After one day, they were transferred to full-strength seawater. Fish were adapted to 
seawater for at least 8 weeks before experimentation. Food was supplied at 1.5% body weight 
per day. 
EPITHELIAL CALCIUM FLUX MEASUREMENTS 
The intestinal epithelium was stripped of its underlying muscle layers as described previously 
(Flik et al 1990; Groot et ai 1979). Briefly, fish were killed by spinal transection and pithed. 
The peritoneal cavity was opened and the intestinal tract removed. The intestine was flushed 
with saline (117.5 mM NaCl, 5.7 mM KCl, 25 mM NaHCOj, 1.2 mM NaH2P04, 1.25 mM 
CaCl2, 1.2 mM MgS04, 5 mM glucose and 28 mM mannitol) and attached strands of fat were 
carefully removed. The intestine was cut open lengthwise and dipped up and down in saline 
to remove any remaining food residues. Next, the intestine was put on a Parafilm® covered 
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glass plate mucasa-side-up. The mucosa of the proximal 15 cm was stripped free of underlying 
muscle layers (Groot et al 1979). The stripped epithelium was mounted in slides (the exposed 
tissue area was 0.16 cm2) and incubated for approximately 20 min in gassed saline (95% 02/ 
5% C02; pH 7.3 ± 0.1). Next, the slides were mounted as the partition between two 4 ml 
halfchambers filled with saline. At zero time, '''CaClj (specific activity: 19 GBq.mmol'1) was 
added as tracer to either side of the tissue to yield a radioactive concentration of 0.33 
MBq.mr1. After 45 min, samples (100//1) were taken from both halfchambers simultaneously 
every 15 min, for a total period of 180 min. The samples were instantly replaced by 100 //1 
fresh Ringer solution. In pilot experiments it was established that unidirectional fluxes are 
constant over this time period. The transepithelial potential was 0.93 ± 0.66 mV (и = 24). 
Apparently, using symmetrical conditions kept passive fluxes of ^Ca at a minimum, allowing 
a good assessment of active calcium transport processes (Barry and Diamond, 1984). 
Unidirectional calcium fluxes were calculated as follows. Specific activity (SA) of the 
radioactive saline (c/'s-side) was determined from three 10 μ\ samples distributed over the 
whole experimental time period and expressed in dpm.nmor'. The amount of isotope at the 
frans-side at a given time [q(l) in dpm] was calculated from the 100μ1 samples. Data were 
corrected for background, and cumulative counts for the whole Ussing hemi-chamber were 
calculated. Total calcium transported (in nmol.cm"2) as a function of time was obtained by 
calculating q(t)/(SAxA) for each sample, where A is the exposed tissue area (in cm2). Unidirec­
tional steady state Ca2+ fluxes were determined by linear regression of calcium accumulation 
over periods of at least 45 min. To calculate net fluxes (/„,.,), values for unidirectional fluxes 
from mucosa to serosa (7
mt) and from serosa to mucosa (Уіт) across adjacent segments from 
the same fish were used in data analysis. Ca2+ fluxes were expressed in nmol.lr'.cm'2. 
MEMBRANE VESICLE PREPARATION AND PROTEIN ACTIVITY ASSAYS 
Membrane vesicles were isolated as described in detail previously (Flik et al. 1990). Vesicles 
were kept cooled on ice and used on the day of isolation. The protein content of the membrane 
vesicle preparations was 2.0 ± 0.4 g.I"1 (и = 12), as determined with a commercial reagent kit 
(Bio-Rad) with bovine serum albumin (BSA) as a reference. Protein recovery was around 1.9% 
in both freshwater and seawater preparations. (Na++K*)-ATPase activity in fish intestinal 
basolateral plasma membrane vesicles (BLMV) was determined as described earlier (Flik et 
al. 1990). (Na*+K*)-ATPase activity was defined as the Na+- and ^-dependent, ouabain-
sensitive phosphatase activity. Using (Na++K+)-ATPase as a marker to assess basolateral 
plasma membrane purification we found no significant (P ь 0.15) difference in purification 
46 
Ca2* transport in freshwater and seawater tilapia intestine 
between freshwater and seawater tilapia membranes: (Ыа++К.*)-ATPase activity purified 
4.8 ± 1.0 (n = 5) times for seawater tilapia membranes, and 6.2 ± 1.7 (n = 6) times for fresh­
water tilapia membranes. 
All assay media contained: 0.5 mM ethyleneglycol-bis(ß-aminoethyl elheT)N,N,N',N'-
tetraacetic acid (EGTA), 0.5 mM JV-^-hydroxyethyO-ethylenediamine-MN'.N'-triacetic acid 
(HEEDTA), and 0.5 mM nitrilotriacetic acid (NTA). Free calcium and magnesium levels were 
calculated as described in detail recently (Schoenmakers et al. 1992a, 1992b). All incubations 
were performed at 37 0C. 
The ATP-driven transport of '''Ca was assayed using a rapid filtration technique (Flik et 
al. 1990). One-minute incubations of membrane vesicles in the presence of 3 mM ATP yielded 
•"Ca-uptakes (representing initial velocities of the pump), and were corrected for uptake in the 
absence of ATP. Free Ca2+ concentrations were varied from 50 nM to 1 μΜ. A 14-fold dilution 
in ice-cold isotonic medium containing 0.1 mM LaCl, stopped the uptake, and the suspension 
was filtered (Schleicher & Schuil ME25, pore size 0.45 μΜ). Filters were rinsed twice with 
2 ml of ice-cold medium and transferred to counting vials. Four ml Aqualuma® was added per 
vial, filters were allowed to dissolve (30 min at room temperature) and radioactivity was 
determined in a Pharmacia Wallac 1410 liquid scintillation counter. 
Na7Ca2+ exchange activity in plasma membrane vesicles from fish enterocytes was 
assayed as described previously (Flik et al. 1990). Briefly, 5 μ\ membrane vesicles equilibrated 
with 150 mM NaCl were added to 120 μ\ of media containing 45Ca2+ either 150 mM NaCI 
(blank) or 150 mM KCl. Ionic Ca2* concentrations ranged from 250 nM to 25 μΜ. After 5 
seconds at 37 °C, the reaction was stopped by addition of 1 ml ice-cold isotonic stopping 
solution containing 1 mM LaCl, and filtration. The filter was then rinsed three times with 2 
ml stopping solution and treated as described above. The difference in ^Ca2* accumulation was 
taken to represent Na+-gradient driven Ca2+ transport. 
CALCULATIONS AND STATISTICS 
The K^ and V,^ parameters of the ATP-dependent Ca2+ pump and the NaVCa2* exchanger 
were derived by non-linear regression analysis of the mean velocities (n - 5 to 6) measured 
as a function of substrate concentration. The standard deviations of the parameters given by 
the computer algorithm indicate the accuracy of the estimated parameters, but cannot be used 
for statistical assessment of differences (Press et al. 1986). 
Otherwise, statistical significance of differences between mean values was tested using 




EPITHELIAL CALCIUM FLUX MEASUREMENTS 
Calcium fluxes in stripped intestinal epithelium of freshwater and seawater tilapia are shown 
in Figuré 1. The mucosa-to-serosa flux of Ca2+ (7TO) in seawater epithelium had not changed 
compared to the Ca2* flux through freshwater epithelium. The serosa-to-mucosa (7 ,^) calcium 
flux in freshwater fish, 19.6 ± 7.5 nmol Ca.h '.cm'2 (mean ± SD; и = 15), was significantly 
(P < 0.05) lower than the flux, 28.6 ± 10.0 nmol Ca.h '.cm'2 (mean ± SD; η = 7), in seawater 
fish, indicating an increased permeability to Ca2* of the tight junctions in vitro. The net uptake 
of Саг+ (JKI = /„ц - J,m) in seawater intestine (5.0 ± 5.2 nmol Ca.h'.cm"2; mean ± SD; η = 7) 
is not significantly different from zero. The net uptake is significantly (P < 0.001) reduced 
with respect to the net.flux in freshwater (17.1 ± 8.9 nmol Ca.h '.cm2; mean ± SD; w = 15). 
MEMBRANE PROTEIN ACTIVITIES 
The activities of the three basoiateral plasma membrane proteins we characterized are given 
in Table 1. (ІЧа++К+)-АТРа5е activity in the homogenate of intestinal scrapings from seawater 
tilapia amounted to 26.9 ± 2.9 /¿mol P.-h'^ mg"' (л = 5), which is significantly (P < 0.001) 
higher than the activity observed in intestinal scrapings from freshwater tilapia (17.3 ± 2.7 
μτηοΐ P,.h'.mg'; η = 6). In purified basoiateral plasma membranes from seawater fish, its 
activity was 127.6 ± 14.1 μπιοί P,.h"'.mg"' (n = 5), differing significantly (P < 0.001) from that 
in freshwater, which amounted to 102.7 ± 10.5 μπ\ο\ P^h^-mg"' (n = 6). 
Seawater fish enterocytes have a greatly decreased NaVCa2+ exchange activity in the 
purified basoiateral membrane fraction. The maximal velocity of the Na7Ca2+ exchange activity 
in basoiateral plasma membrane vesicles from freshwater adapted tilapia [18.21 ± 0.40 
nmol Ca2+.min"'.mg"' (n = 6)] was reduced by 57% in vesicles from seawater adapted tilapia 
[7.85 ± 0.21 nmol Ca2t.min '.mg' (л = 5)]. The К,,, of Na7Ca2+ exchange in freshwater tilapia 
(K^ = 2.26 ± 0.13 μΜ; η = 6) diffère only slightly from that of NaVCa2' exchange in seawater 
tilapia (K^ = 1.76 ± 0.16 μΜ; η = 5). 
The ATP-dependent Ca2+ pump in the basoiateral plasma membrane vesicles did not 
show such a distinct change in maximal velocity. In freshwater and seawater tilapia derived 
vesicles we measured a slight change in K ,^ comparable in relative magnitude to the change 
in K^ of the NaVCa2* exchanger. V^^ decreased in a similar manner by 28% from 0.78 ± 0.06 
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Figure 1. Unidirectional calcium fluxes in stripped intestinal epithelium of freshwater- and seawatcr-adapted 
tilapia Seawater adaptation induces an increased paracellular calcium permeability in vitro Net uptake of 
calcium ΐλ significantly reduced in seawater-adaplcd fish * indicates Ρ < 0 05, and ** Ρ < 0 001 Mean values 
± standard error of the mean are given for 15 freshwater and 7 seawater fish 
nmol Ca2+.min '.mg ' in freshwater fish to a V
maK of 0.56 ± 0.02 nmol Ca
2+
.min '.mg ' in 
seawater fish. 
Discussion 
EPITHELIAL CALCIUM FLUX MEASUREMENTS 
The net uptake of calcium in the proximal intestine as calculated on the basis of unidirectional 
calcium fluxes approaches zero and is significantly lower in seawater fish than in freshwater 
fish. Apparently, seawater fish have successfully reduced active calcium transport mechanisms 
and keep intestinal transcellular calcium influx low. The enhanced (Na*+K+)-ATPase activity 
demonstrates the involvement of the intestine of seawater fish in water transport. 
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All values are mean ± standard deviation for 5 seawatcr and 6 freshwater tilapia. The given K^ and V,,,,,, values arc calculaled 
from the average data values and cannot be tested for slatislically significant differences. 
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Ca2* transport in freshwater and seawater tilapia intestine 
The data show a manifest increase in the serosa-to-mucosa flux (J^ for calcium in the 
intestine of seawater-adapted fish. It is a well-known phenomenon that the intestine of 
seawater-adapted fish has a larger osmotic permeability to water (Skadhauge, 1969; Smith et 
al. 1975). Apparently, the looser tight junctions in seawater intestine also have become more 
permeable to calcium. The symmetrical conditions we used to minimize the contribution of 
passive fluxes to the total isotope flux (cf. above) may not reflect, however, the situation in 
vivo: the inside-positive transmural potential in the intact fish (around +30 mV; Maetz, 1976) 
will inhibit passive influx of calcium. An inside-positive transmural potential of 30 mV in 
seawater fish, when compared with the 0 mV potential difference seen in freshwater fish, 
would decrease the unidirectional passive influx of calcium by 75% compared to the value 
found in freshwater: (/„„ =У
АлЛ
 χ (±zxExF/(RxT)) / (1 (^"«EKF/ÍRXT» .^
 H o d g k i n a n d Horowicz, 
1959). Therefore, the large inward calcium gradient in seawater will not result in the excessive 
calcium influx that one would predict on the basis of the increased paracellular permeability 
to calcium. 
The net uptake of calcium in tilapia intestine under freshwater conditions was shown 
before (Flik et al. 1990). In that study we also showed that this net uptake depended on the 
presence of a sodium gradient across the basolateral plasma membrane of the enterocyte. This 
indicated that Na7Ca2+ exchange, shown to be present in these membranes, was important for 
transcellular calcium uptake (Flik et al. 1990). The lower net intestinal calcium uptake in 
seawater intestine shown here prompted an investigation into the molecular basis of this 
change. 
MEMBRANE PROTEIN ACTIVITIES 
Seawater adaptation induced significant changes in two of the three plasma membrane ion 
transporting mechanisms we studied. The increase in (Na4K+)-ATPase activity we found is 
a normal phenomenon for intestine and gills of seawater-adapted fish (Utida et al. 1972; 
Maetz, 1976; Pagliarani et al. 1991). Around 90% of the cells in the proximal intestine is of 
the absorptive cell type. Therefore, the observed increase in (Na++K+)-ATPase activity per mg 
membrane protein represents an increase in activity per cell, not an increase in the number of 
a specific cell type. The increase in the ratio of the activities of (Na4K*)-ATPase and Ca2+-
ATPase in the purified basolateral plasma membrane vesicles — 3.80.103 in seawater vs. 
2.19.103 in freshwater (dividing the (Na++K+)-ATPase activity [шпоі P.-h'-mg1] by the Ca2+-
ATPase activity [nmol Ca^.lr'.mg"1] and assuming one P, is formed per Ca2* transported) — 
shows that the increase in (Na*+K*)-ATPase activity is not due to a purification effect (Flik 
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el al. 1984). The increase is in line with ultrastructural observations on the intestine of 
seawater tilapia showing more extensive basolateral membrane invaginations and more 
mitochondria than in freshwater fish, and giving the impression of very active cells {personal 
observations). The elevated (Na++K+)-ATPase activity is consistent with the water transport 
function of the intestine of seawater fish (Skadhauge, 1969; Utida, 1972), assuming that solvent 
drag is the motive force for this water transport. 
The ATP-dependent Ca2+ pump activity in plasma membranes from freshwater tilapia is 
slightly higher than that observed in membranes from seawater tilapia. If we combine these 
data with the respective (Na++K+)-ATPase purification data, we calculate equal amounts of 
Ca2+ pump activity per mg cell protein in the whole cell homogenate (direct measurements of 
this activity in such a preparation are complicated) in freshwater (0.13 nmol Ca2*.min'1.mg ' 
cell protein) and in seawater (0.12 nmol Ca^.min'.mg1 cell protein). Apparently, freshwater-
and seawater-adapted enterocytes contain equal amounts of ATP-dependent calcium pump 
proteins. 
A very significant change was found in the Na7Ca2+ exchange'activity. The maximum 
velocity of this carrier had decreased by 57% in seawater tilapia. When we calculate activities 
in the whole cell homogenate (as for the ATP-dependent Ca2+ pump above), there is a large 
difference between freshwater enterocytes (2.9 nmol pa2,'.min"l.rpg"1 cell protein) and seawater 
enterocytes (1.6 nmol Ca^.min'.mg"1 cell protein). Seawater enterocytes clearly contain less 
Na7Ca2t exchange activity. The observed 57% reduction of NaVCa2* exchange activity in 
purified plasma membranes is in line with the 71% decrease in net transepithelial calcium 
uptake. We take this observation as evidence for the involvement of the Na7Ca2t exchanger 
in the active transcellular uptake of calcium in both freshwater and seawater fish. 
This conclusion is further supported when we plot the activities of the two Ca2t 
transporting membrane proteins under both conditions (Figure 2). This graph does not take the 
inside-negative cell membrane potential of around -60 mV (Bakker and Groot, 1988) into 
account. The Na7Ca2+ exchange is an electrogenic process, swapping 3 Na+ ions for 1 Ca2+ ion 
(Flik et al. 1990), and would be even more active than shown here. In the physiological 
intracellular Ca2* concentration range (around 85 nM; Schoenmakers et al. 1992a) the NaVCa2* 
exchanger clearly dominates the basolateral Ca2+ extrusion from the enterocytes in freshwater 
fish. Under seawater conditions, both the absolute calcium transport capacity of the extrusion 
mechanisms, and the contribution of the NaVCa2* exchanger to this transport have decreased. 
The distinct decrease in Vmai[ of the NaVCa2* exchange activity most likely reflects a 
regulatory principle: presumably, the expression rate of the exchanger's gene has decreased, 
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Figure 2. Activities of basolateral plasma membrane proteins in seawaler and freshwater fish as a function of 
intracellular Ca2* concentration. Fat curves represent Na'/Ca2* exchange activity, while thin curves show the 
activity of the ATP-dependenl Ca2* pump. Activities in freshwater are given by solid lines and dashed lines 
represent activities in seawater. NaVCa2* exchange dominates Ca2* extrusion under both conditions, even when 
the stimulatory inside-negative eel' membrane potential is disregarded 
and there are less exchanger molecules per cell. The relative decreases in K^, of the ATP-
dependent Ca2* pump and the NaVCa2* exchanger are similar. This suggests the existence of 
a mechanism that has a similar effect on both membrane proteins. We suggest that seawater 
fish develop a more fluid plasma membrane. Increased membrane fluidity has been shown to 
decrease the K,,, of Na7Ca2+ exchange (Phihpson and Ward, 1985). The lipid composition of 
gill membranes changes when fish adapt to seawater conditions (Hansen, 1987). The changed 
endocrine status of seawater fish may well underlie such a phenomenon. Cortisol and prolactin 
levels change upon adaptation to seawater (Utida et al. 1972). Actions of Cortisol on calcium 
homeostasis appear to primarily involve a stimulation of calcium uptake mechanisms (Utida 
et al. 1972; Flik and Perry, 1989). Prolactin, however, influences plasma membrane fluidity 
and enzyme activity in rat tissues in a complex manner (Dave et al. 1981; Dave and Witorsch, 
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1985). Thus, the plasma membrane fluidity of the enterocytes of seawater fish may have 
increased as a result of the decreased prolactin levels. 
We here show that seawater fish develop more intestinal (Na++K+)-ATPase activity, 
which is in line with one of the main functions of the intestine in seawater fish, i.e. water 
uptake by solvent drag, and with the lower prolactin levels in seawater fish, as prolactin is 
known to exert an inhibitory control over (Na++K+)-ATPase activity (Pickford et al. 1970). 
Also, this study is the first to give evidence for the regulation of transepithelial calcium flux 
in the tilapia intestine. Seawater fish drastically reduce the intestinal active uptake mechanisms 
of calcium. The reduction of NaVCa2* exchange activity in purified basolateral plasma 
membranes, which parallels the reduction of net transepithelial calcium uptake, supports the 
notion that the NaVCa2* exchanger is the transport protein chiefly responsible for transcellular 
uptake of calcium in fish intestine. 
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Sodium-Extruding and Calcium-Extruding 
Sodium/Calcium Exchangers Display 
Similar Calcium Affinities 
Summary 
NaVCa2* exchange activities in purely inside-out and mixed inside-out and right-side-out fish 
enterocyte basolateral plasma membrane vesicle preparations display equal affinities for Ca2+, 
showing that only the intracellular Ca2+ transport site of the Na+/Ca2t exchanger is detected in 
experiments on vesicle preparations with mixed orientation. Therefore, Ca2+ pump and Na7Ca2+ 
exchange activity may be compared directly without correction for vesicle orientation. The Na7 
Ca2+ exchange activity in fish enterocyte vesicles is compared to the activity found in dog 
erythrocyte vesicles. The calcium-extruding exchanger in fish basolateral plasma membranes 
shows values of K,,, and Vmax for calcium similar to those found for the sodium-extruding ex-
changer in dog erythrocyte membranes, indicating that differences in electrochemical gradients 
underlie the difference in cellular function of the two exchangers. 
Introduction 
Na7Ca2+ exchange was first described in mammalian heart cells (Reuter and Seitz, 1968) and 
in squid giant axons (Baker et al. 1969). At first it was thought that this exchange mechanism 
was characteristic of excitable cells, in which countercurrents of Na+ and Ca2+ underlie the 
electrical events associated with cell activity. In recent years, however, similar antiporters have 
been demonstrated in a number of non-excitable cell types (Taylor, 1989). In these cells the 
exchanger may serve a number of functions. Its role in Na+ extrusion in sodium-transporting 
epithelia is well-established (Taylor, 1989). In canine erythrocytes, the NaVCa2* exchanger is 
involved in cell volume regulation and Na* homeostasis (Parker, 1987; Ortiz and Sjodin, 1984). 
ThJ.M. Schoenmakers and G. Flik (1992). J. Exp. Biol. 168, 151-159. 
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We have reported on Na7Ca2+ exchange in fish enterocytes (Flik et al. 1990). The NaV 
Ca2+ exchanger uses the transmembrane Na+ gradient, which is generated by Na7K+-ATPase 
activity, to extrude Ca2+ from the cytoplasm into the extracellular fluid. By so doing it makes 
an essential contribution to cellular Ca2* homeostasis (Schoenmakers et al. 1992a). The depen-
dence of net transepithelial Ca2+ uptake on the Na+ gradient across the basolateral membrane 
emphasizes the functional importance of the exchanger in transepithelial Ca2+ uptake (Flik et 
al. 1990). 
The function of the Na7Ca2+ exchanger in erythrocytes of dogs and ferrets is quite 
different. In these cells a powerful ATP-dependent Ca2+ pump produces a low intracellular Ca2* 
concentration. The high intracellular Na+ concentration of 150 mM (Flatman and Andrews, 
1983) is, however, lower than that expected for a Nernstian distribution (220 mM; Milanick, 
1991). Lacking Na7K+-ATPase, these cells use a Na7Ca2+ exchanger, which harnesses the 
large inward Ca2+ gradient to extrude excess Na+ (Parker, 1987). 
What determines whether a Na7Ca2+ exchanger will perform Na+-extrusion or Ca2+-
extrusion? Electrochemical constraints dictate the zero-flux state and operating direction of the 
exchanger at given ionic conditions and membrane potential (Reeves, 1985), but Ca2+ affinity, 
especially of the intracellular site, may well be the main regulator of the velocity of the 
exchange process once non-zero-flux conditions apply. We tested whether a shift in Ca2t 
affinity of the Na7Ca2+ exchanger is the basis for differences in cellular function in different 
cell types. To this end, we investigated the calcium affinities of Na7Ca2+ exchange proteins 
in plasma membrane preparations from fish enterocytes and dog erythrocytes. We have 
previously shown that fish entcrocyte plasma membrane vesicles may be used to study Na7 
Ca2+ exchange not only in a mixture of right-side-out (ROV) and inside-out (IOV) vesicles, but 
also in a pure preparation of lOVs. The Na7K+-ATPase activity in these membrane vesicles 
was used to generate a Na+ gradient in lOVs, which allowed an assessment of the Ca2+ affinity 
of the intracellular Ca2+ site (Flik et al. 1990). The Ca2+ kinetics of the exchangers in these two 
preparations were similar. Also, the Ca2+ affinity observed in the fish lOVs was similar to that 
displayed by the ROV+IOV preparation. We conclude that the functioning of the Na7Ca2+ 
exchanger is dictated by the differences in cation concentrations between the inside and outside 
of the living cells. 
Materials and Methods 
Fresh, heparinized blood was obtained from beagles at the Central Animal Laboratory 
(Nijmegen). Isolation of erythrocytes and preparation of plasma membrane vesicles were 
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performed as described for human erythrocytes by Sarkadi et al. (1980) with two modifica-
tions. (1) ß-Mercaptoethanol was not used in the isolation procedure since, as indicated by 
Parker (1987), we found an inhibitory effect of ß-mercaptoethanol on Na7Ca2+ exchange 
activity (data not shown). (2) The two final washes with 10 volumes of 10 mM Tris-HCl 
(pH 7.4) described by Sarkadi et al. (1980) were replaced by a single final wash with 50 
volumes of this buffer and centrifugalion at 50,000 g^ for 20 mm. 
After isolation, the vesicles were frozen in liquid N2 and stored at -70°C. Vesicles were 
used within 2 weeks of isolation; no decline in Na7Ca2+ exchange activity was noted during 
this period. On the day of experimentation, the vesicle suspension was thawed, suspended in 
40 volumes of assay medium by 15 passes through a 23-gauge needle, pelleted by centri-
fugalion at 50,000 g^ for 20 mm, and resuspended in an appropriate volume of assay medium. 
Depending on experimental requirements (see below), the assay medium consisted of either 
150 mM NaCl, 0.8 mM MgCl2 and 20 mM Hepes/Tns, pH 7.4, or 100 mM NaCl, 50 mM 
KCl, 0.8 mM MgCl2 and 20 mM Hepes/Tns, pH 7.4. The protein content of the membrane 
vesicle preparations was 1.8 ± 0 5 g.l ' (mean ± S.D., N=\ 2), as determined with a commercial 
reagent kit (Bio-Rad) with bovine serum albumin (BSA) as a reference. 
Fish (Oreochromis mossambicus Peters; hereafter called tilapia) enterocyte basolateral 
plasma membrane vesicles were prepared as previously described (Flik et al. 1990). Briefly, 
the intestine was flushed with ice-cold saline and cut lengthwise. Intestinal mucosa was 
collected by scraping off the epithelium on an ice-cooled glass plate. The mucosal cells were 
homogenized in an isotonic sucrose buffer, and nuclei and cellular debris were pelleted by 
centrifugalion at 1,400 gav for 10 mm. The supernatant was collected and centrifuged for 25 
mm at 150,000 g^. The resulting pellet consisted of two parts- a firm brown part, containing 
around 90% of the succinic acid dehydrogenase activity of the homogenate, and a white and 
fluffy layer, mainly consisting of plasma membranes. ITie latter was resuspended in an isotonic 
sucrose buffer and brought to 37% (w/w) sucrose. On top of 8 ml of this suspension 4 ml of 
isotonic sucrose buffer was layered, and an isopyenic centrifugalion was performed on the 
assembly for 90 min at 200,000 g^. The membranes at the interface were collected using a 23-
gauge needle, and mixed with 25 volumes of the final isotonic assay buffer (150 mM KCl, 
0.8 mM MgCl2 and 20 mM Hepes/Tns, pH 7.4). After centrifugalion at 180,000 g^ for 35 mm, 
the pellet was rinsed twice with assay buffer and resuspended by 25 passages through a 
23-gauge needle. The protein concentration of the vesicle suspensions was approximately 
lg.11 . 
Specific endo- and exoenzymes can be used to test sidedness of vesicles in a membrane 
preparation. The activity of an exoenzyme measured in a preparation containing lOVs, ROVs 
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and leaky vesicles (A.) must originate from the ROVs and the leaky vesicles. After the addition 
of a small amount of detergent to permeabilize the lOVs, the enzyme activity in all the vesicles 
can be measured (A+). The percentage of lOVs can then be calculated as 
%IOV = 100 χ (1 - АУА+). A similar method using an endoenzyme will yield information on 
the percentage of ROVs. The percentage of lOVs in our preparations was determined on the 
basis of the acetylcholine esterase latency of the membrane preparation (Steck and Kant, 1974). 
In the dog erythrocyte membrane preparations, the latent activity of this exoenzyme unmasked 
by Triton X-100 (2 g.l"1 at 1 g.l"1 protein) indicated that 57 ± 9 % (mean ± S.D., N=9) of the 
vesicles were lOVs. The percentage of ROVs was determined on the basis of the glycer-
aldehyde-3-phosphate dehydrogenase latency of the membrane preparation (Steck and Kant, 
1974). The latent activity of this endoenzyme when unmasked by Triton X-100 indicated that 
26 ± 6 % (N=7) of the vesicles were ROVs. Therefore, the configuration of the dog eryth­
rocyte plasma membrane preparation was 57% lOVs, 26% ROVs and 17% leaky vesicles. The 
percentage of lOVs is similar to that reported for canine erythrocyte vesicles by Ortiz and 
Sjodin (1984). Thawing and resuspending the membrane vesicles did not alter membrane 
configuration (data not shown). The configuration of the tilapia enterocyte plasma membrane 
vesicle preparation was 29% lOVs, 24% ROVs and 47% leaky fragments (Flik et al. 1990). 
Na7Ca2+ exchange activity in plasma membrane vesicles from dog erythrocytes and fish 
enterocytes was assayed as previously described for the fish preparation (Flik et al. 1990). 
Briefly, 5 μΐ of membrane vesicles equilibrated with 150 mM NaCl were added to 120 μ\ of 
medium containing either 150 mM NaCl (blank) or 150 mM KCl. The radioactive concentra­
tion of 45Ca (specific activity 19 GBq.mmol'1) in the transport media was 1.3 MBq.ml"1. After 
5 s at 37 0C, the reaction was stopped by the addition of 1 ml of ice-cold isotonic stopping 
solution containing 1 mM LaC\} followed by filtration through a nitrocellulose filter 
(Schleicher & Schuell ME25). The difference in 45Ca accumulation was taken to represent Na+-
gradient driven Ca2+ transport. To test whether there is a significant build-up of membrane 
potential as a result of the electrogenic behaviour of the Na7Ca2+ exchanger (Flik et al. 
1990; Reeves, 1985), we measured Na7Ca2* exchange activity as follows: membrane vesicles, 
equilibrated in 100 mM NaCl + 50 mM KCl, were transferred to either 100 mM NaCl + 
50 mM KCl (blank) or to 100 mM LiCl + 50 mM KCl. The difference in the amount of 45Ca 
accumulated was assumed to result from Na7Ca2+ exchange activity. Addition of 5 jUg.ml'1 of 
the K+ ionophore valinomycin (dissolved in ethanol) was used to short-circuit vesicle 
membrane potential. Lithium has previously been shown not to activate Na7Ca2+ exchange in 
dog erythrocytes (Ortiz and Sjodin, 1984; Parker, 1988). It mimics the effects of K+ on Na7 
Ca2+ exchange in other systems (Mullins and Requena, 1989). Pilot experiments for fish 
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enterocytes and dog erythrocytes ascertained that the substitution of 100 mM KCl by 100 mM 
LiCl did not have a significant effect on Na7Ca2+ exchange velocity (data not shown). 
Na7Ca2+ exchange activity in fish enterocyte lOVs was tested with an assay procedure 
utilizing the ouabain-sensitive Na7K+-ATPase activity of the fish membranes to load lOVs 
selectively with Na+ (Flik et al. 1990). Vesicles were resuspendcd in 150 mM KCl, 0.8 mM 
MgCI2 and 20 mM Hepes/Tris, pH 7.4. A sample of the vesicles was resuspended in assay 
medium containing 1 mM ouabain. After preincubation on ice for 2 h to allow diffusion of 
ouabain into the intravesicular space of the lOVs, where the ouabain site of the Na7K+-ATPase 
is exposed, 45Ca uptake at 37 0C was measured in a medium consisting of 135 mM KCl, 
15 mM NaCl, 0.8 mM Mg2+, 3 mM ATP and 20 mM Hepes/Tris, pH 7.4. The reaction was 
stopped by an eightfold dilution in ice-cold isotonic stopping buffer containing 1 mM ІлСЦ. 
Vesicle-associated 45Ca in media containing 1 mM ouabain represented ATP-dependent "Ca 
transport and passive diffusion of 45Ca. The extra "Ca taken up in the absence of 1 mM 
ouabain was assumed to result from Na7Ca2+ exchange activated by Na\ which was introduced 
intravesicularly by the action of the Na7K+-ATPase during the assay period. We used this 
procedure to analyze the Ca2+-dependence of the cytosol-oriented Ca2+ site of the Na7Ca2+ ex­
changer. The Ca2+ concentrations of the media in all assays described above were varied from 
1.5 χ 10"7 to 2 χ ΙΟ'' M using metal-cation-chelating agents to create accurately known free 
Ca2' concentrations (Schoenmakers et al. 1992b). 
Data points were obtained in duplicate. Non-linear regression data analysis of the mean 
values of a number of experiments (N values given below) testing the entire kinetic curve of 
initial transport velocities as a function of Ca2+ concentration yielded estimates of K,,, and
 п ц 
for calcium. The standard deviations of the values obtained in this way cannot, however, be 
used for further statistical testing. 
Results and Discussion 
We investigated whether a build-up of membrane potential occurred in the dog erythrocyte 
membrane vesicles during the assay period (i.e. 5 s). Although there is no direct evidence for 
electrogenicity of Na7Ca2+ exchange in dog erythrocytes, as opposed to fish enterocytes (Flik 
et al. 1990), the cooperative dependency of exchange activity on Na+ (Parker, 1988) suggests 
that the Na7Ca2+ exchanger also carries a current in these cells (Sarkadi and Parker, 1991). A 
significant build-up of vesicle membrane potential due to the electrogenic behaviour of the 
Na7Ca2+ exchanger can easily influence the outcome of kinetic experiments with this carrier 
(Reeves, 1985). Omission of the K+ ionophore valinomycin (5 /ig.ml"1) from the K7valino-
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mycin clamp medium should allow the build-up of an inhibitory potential However, no such 
effects were observed in the absence of valinomycin in a medium containing 18 μΜ Ca2+ no 
significant change in Na7Ca2+ exchange activity was observed [exchange velocity was 
7 7 ± 1 6 (N=5) nmol Ca2+ mm ' mg ' in the absence of valinomycin and 7 9 ± 1 0 (N=7) in its 
presence] We ascribe the apparent lack of a significant build-up of membrane potential during 
the 5 s of our assay to the relatively low Na7Ca2+ exchange velocities (13 nmol 
Ca2+ min ' mg ', sec below) compared to velocities observed for NaVCa2* exchange in mem­
brane preparations from excitable cells, such as sarcolemmal membranes (120 nmol 
Ca2t mm ' mg ', Reeves, 1985) 
We then analyzed the Ca2+ dependence of the initial velocities of NaVCa2* exchange in 
dog erythrocyte plasma membrane vesicles Na7Ca2+ exchange displayed a V
mBX of 127 ± 08 
nmol Ca2+ mm ' mg ' and a K,,, of 3 7 ± 04 μΜ Ca2+ (/V=ll) The fish plasma membrane prepa­
ration, containing a mixture ol lOVs and ROVs, displayed a Na7Ca2+ exchange activity with 
a V
mai of 14 3 ± 0 7 nmol Ca
2+
 mm ' mg ' and a K,,, of 1 1 ± 0 1 μΜ Ca2+ (N=9) When the 
Ca2+ dependency of the NaVCa2* exchanger in lOVs was tested, a V
mdJI of 1 7 ± 0 2 nmol 
Ca2+ mm ' mg ' and a K,,, of 1 8 ± 0 2 μΜ were found (N=5, Fig 1) The lower V ^ is caused 
by the smaller Na+ gradient in this experimental arrangement using the Na+ dependency of the 
Na7Ca2+ exchanger published previously (Flik et al 1990) to calculate the intravesicular [Na+] 
created through Na7K+-ATPase activity, we obtain a concentration of only 17 mM 
These experiments do not indicate a difference in K^ of several orders of magnitude for 
the intra- and extracellular site of the Na7Ca2+ exchanger, as reported tor whole cells If there 
is a difference between the values shown here, it may well have resulted from the longer assay 
period (i e 60 s) necessary for detection of the low exchange activity in the IOV preparation 
We therefore conclude that the Ca2+ site in lOVs displays the same Ca2+ affinity as the Ca2+ 
sites in a mixture of lOVs and ROVs Three causes may be advanced for this phenomenon 
First, the Na7Ca2+ exchanger may be functionally symmetrical with respect to Ca2' on both 
sides of the plasma membrane However, numerous data obtained from whole cells contradict 
this hypothesis (Reeves, 1985) Second, the asymmetry reported in whole cells may be lost 
during vesicle isolation Both of these explanations have been suggested before (Philipson, 
1985) A third, more likely, possibility seems to have been overlooked so far Li et al (1991) 
showed that the low specific radioactivity of media with high Ca2+ concentrations impedes 
detection of the low-affinity extracellular Ca2+ site in vesicle experiments They also showed 
that Na7Ca2+ exchange of a mixed population of lOVs and ROVs could be completely 
inhibited by a synthetic peptide that binds specifically to the cytosolic side of the protein, 
demonstrating that all the measured Na7Ca2+ exchange activity in the preparation occurred in 
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l / [ C a 2 + ] 
figure 1. Lineweaver-Burk plot of initial velocities of NaVCa2* exchange as a function of free Ca2* concentration 
in three membrane vesicle preparations. Filled circles and the solid line indicate the mixed inside-out and nght-
side-out preparation from ba-solateral cnterocyte membranes of the tilapia (N=9), while the open circles indicate 
the NaVCa2* exchange activity of the population of inside-out vesicles (N=5). Filled triangles denote NaVCa2* 
exchange activity in the dog erythrocyte membrane preparation (N=\l). Data points were obtained in duplicate 
per experiment. Data were normalized to the calculated V ^ value. 
the lOVs. Therefore, we propose that the kinetic data on Ca2+ dependency of NaVCa2' 
exchange in the mixed vesicle preparations from tilapia enterocytes and dog erythrocytes 
represent the Ca2t dependency of the intracellular Ca2+ site of the exchanger. 
NaVCa2* exchange activity in erythrocytes of dogs and related species has been 
previously investigated in whole cells (Altamirano and Beaugé, 1985; Milanick, 1989; Parker, 
1987, 1988) as well as in membrane vesicles (Ortiz and Sjodin, 1984). Estimates of Ca2' 
affinity are scarce (Milanick, 1989; Parker, 1988) and concern only the extracellular Ca2+ site 
of the exchanger. As stated above, the vesicle assay yields a K,,, value for the intracellular Ca2+ 
site. Owing to competition for the transport site by the high intracellular Na+ concentration, 
the low level of intracellular Ca2t hardly activates the dog erythrocyte NaVCa2+ exchanger. The 
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Figure 2. A comparison of the ATP-dependent Ca2* pump and the NaVCa2* exchanger in basolateral plasma 
membrane vesicles from tilapia enterocytes. The filled circles and solid curve denote the NaVCa2* exchanger, 
and the filled squares and dashed curve represent the ATP-dependenl Ca2* pump. Values are mean ± S.D. for 
five experiments. Deviations were not drawn when they were smaller than the symbol size. The NaVCa2* 
exchange aclivity exceeds the activity of the ATP-dependent Ca2* pump threefold at free Ca2* concentrations 
around 100 nM. 
activity is primarily controlled by the intracellular Na* concentration, in line with its proposed 
physiological function in these cells (Parker, 1987). 
The intracellular Na' concentration in tilapia enterocytes is much lower than in dog 
erythrocytes, with total cell Na+ amounting to 87 ± 14 mmol.I' cell water (van der Velden 
1990). Free Na* ions (their concentration is estimated at 9 mM; Flik et al 1990) will hardly 
compete with intracellular Ca2+ ions for their common site. This, combined with a more 
negative membrane potential (-60 mV; Bakker and Groot, 1988) than that found in erythrocytes 
(-10 mV), ensures the involvement of the Na7Ca2+ exchanger in Ca2+ extrusion across the 
basolateral membrane. The importance of the exchanger for Ca2+ homeostasis in tilapia 
enterocytes is illustrated when we consider the maximal velocities of the two processes 
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responsible for Ca2t extrusion in these cells: the ATP-dependent pump attains a Vma]l of 0.63 
± 0.04 nmol.min'.mg' (Flik et al. 1990), but the NaVCa2* exchanger displays a Vmax of 14.3 
± 0.7 nmol.min'.mg'. We now know that these figures are directly comparable, since both 
represent activities of the respective membrane proteins in the lOVs only. In Fig. 2, we illus-
trate the relative importance of the ATP-dependent Ca2+ pump and the Na7Ca2+ exchanger in 
Ca2+ extrusion from the tilapia enterocyte by plotting the Ca2+ dependencies of both 
mechanisms. Although the K™ of the Na7Ca2+ exchanger appears to be rather high for a Ca2+ 
extrusion mechanism, the high capacity of the exchanger more than compensates for this. In 
these cells, the inward Na* gradient and the inside-negative membrane potential drive Ca2' 
extrusion via NaVCa2* exchange. The velocity of this process is directly dependent on the 
intracellular [Ca2+], since the exchanger will not be saturated by intracellular Na* (Flik et al. 
1990). 
Thus, while dog erythrocytes have a powerful ATP-dependent Ca2+ pump to ensure their 
Ca2+ homeostasis, tilapia enterocytes need the NaVCa2* exchanger to extrude excess Ca21. 
Conversely, tilapia enterocytes exhibit a potent NaVK+-ATPase activity in their basolateral 
membranes, with which they efficiently extrude Na*. Dog erythrocytes, lacking this 
mechanism, use the NaVCa2* exchanger to extrude Na*. Our study of the kinetic parameters 
of these two exchange proteins shows that these vastly different functions can be performed 
by proteins displaying very similar characteristics. Differences in ionic and electrical driving 
forces, resulting from cell specialisation and cell energy status, are reflected in the carrier's 




Effects of Cadmium on Calcium Fluxes 
in Stripped Fish Intestine 
Summary 
The effects of ΙΟΟμΜ cadmium to either the mucosal or the serosal perfusion solution of the 
stripped intestine from the freshwater teleost Oreochromis mossambicus (tilapia) were studied 
in an Ussing chamber setup. Mucosal and serosal addition of cadmium resulted in an increased 
paracellular permeability to calcium. Mucosal addition of cadmium decreased active 
transcellular calcium transport. The possible mechanisms underlying these actions are 
discussed. 
Introduction 
Cadmium is a widespread industrial pollutant of natural waters. Dissolved cadmium is readily 
taken up by aquatic organisms, seriously upsetting vital processes (Dallinger et al. 1987). In 
freshwater fish, for example, waterborne as well as dietary cadmium induces severe 
hypocalcemia (Giles, 1984; Reader and Morris, 1988; Fu et al. 1989; Pratap et al. 1989). Food 
associated cadmium appears to be the main source of cadmium entering the fish in vivo 
(Dallinger et al. 1987). 
Freshwater fish take up most of the calcium they require for growth and homeostasis 
from the ambient water (Fenwick, 1989; Flik, 1990). Uptake of dietary calcium becomes 
important when fish need extra calcium (e.g., during ovarian maturation) or in low calcium 
("soft") waters (Berg, 1970). In soft freshwater, fish fed cadmium-containing food become 
hypocalcémie (Pratap et al. 1989). Such observations illustrate that dietary cadmium interferes 
with the fish's calcium homeostasis under such conditions. 
Interactions of aquatic cadmium with branchial calcium uptake in freshwater fish have 
been studied thoroughly (Verbosi et al. 1987, 1988, 1989b; Reader and Morris, 1988). The 
calcium transporting proteins in the basolateral plasma membranes of the chloride cells (the 
ionocytes in this epithelium) have been implicated in the development of hypocalcemia, as 
these mechanisms display an extreme sensitivity to cadmium (Verbost et al. 1988). Cadmium 
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was postulated to enter the cells freely through Ca2+-channels in the apical membranes of the 
cells (Verbost et al. 1987, 1989b). It can subsequently inhibit the calcium transporters in the 
basolateral plasma membrane that are extremely sensitive to cadmium (Verbost et al. 1988). 
We have recently studied (Schoenmakers et al. 1992a) the sensitivity of the calcium 
transport mechanisms in the intestine of the freshwater teleost Oreochromis mossambicus 
(further called tilapia) to cadmium. The tilapia intestine is, in contrast to the gills, a 
homogenous epithelium, consisting almost entirely of absorptive cells. A basolateral plasma 
membrane preparation reliably reflects the calcium transport activity in this tissue. In the 
previous study we found that nanomolar concentrations cadmium potently inhibited both the 
Ca2+-ATPase and the NaVCa2' exchange activity in such membrane preparations. Although 
such experiments provide information on the sensitivity to cadmium of intracellular sites of 
membrane proteins involved in calcium transport, they cannot demonstrate the effects of this 
metal on calcium transport in situ. We here report on the instantaneous sensitivity of fish 
intestinal epithelium to cadmium. We used the Ussing-chamber technique on muscle-stripped 
freshwater tilapia intestine, and administered cadmium on the mucosal, as well as the serosal 
side of the tissue. 
Materials and Methods 
EPITHELIAL CALCIUM FLUX MEASUREMENTS 
Male tilapia, weighing around 200 g, were kept in 100 I aquaria supplied with running tap 
water (0.7 mM Ca, 250C) under a photoperiod of 12 h. Cadmium was not detectable in tap 
water (detection limit 1 nM). Animals were fed Trouvit® fish pellets (Trouw & Co., Putten, 
The Netherlands) at 1.5% body weight per day. 
Stripping of intestinal muscle layers, as described by Groot et al. (1979) for goldfish, was 
performed with tilapia intestine as described by Flik et al. (1990). In short, fish were killed by 
spinal transection and pithed. After opening the peritoneal cavity, the intestinal tract was 
removed. The proximal 15 cm of intestine was isolated and flushed with saline (117.5 mM 
NaCl, 5.7 mM KCl, 25 mM NaHCO,, 1.2 mM NaH2P04, 1.25 mM CaCl2, 1.2 mM MgS04, 
5 mM glucose and 28 mM mannitol). Attached strands of fat were carefully removed. The 
intestine was opened lengthwise and rinsed with saline to remove food residues. Next, the 
intestine was put on a Parafilm® covered glass plate mucosa-side-up. The mucosa was stripped 
free of underlying muscle layers. The stripped epithelium was mounted in slides (the exposed 
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tissue area was 0.16 cm2) and incubated for approximately 20 min in gassed (95% 02/5% COj) 
saline (pH 7.3 ± 0.1). 
The slides were mounted as the partition between two 4 ml saline-filled halfchambers. 
We did not apply a short-circuit current: there is a negligible transepithelial potential in this 
relatively leaky tissue when symmetrical conditions are used (Schoenmakers et al. submitted). 
At zero time, 45CaCl2 (specific activity: 19 GBq.mmol'1) was added as tracer to either side of 
the tissue to yield a radioactive concentration of 0.33 MBq.ml"1. After 45 min, 100 μ\ samples 
were taken from both halfchambers simultaneously every 15 min, for a total period of 180 min. 
Cadmium was added as CdCl2 after 45 min. A 4 μ\ sample from a 100 mM stock 
solution was added to yield a final concentration of 100 μΜ total cadmium. Before experi­
mentation, cadmium was removed from the chambers by submerging them overnight in 
demineralized water containing the solid-state heavy metal chelating resin Chelex-100 (Bio-
Rad) packed in cheese cloth (2 volumes of water on 1 volume of Chelex-100). The resin was 
periodically cleaned by an acid wash. 
Three 10 μ] samples taken during the experimental time period yielded the specific 
activity (SA) of the radioactive saline (cis-side) expressed in dpm.nmor1. The 100//1 samples 
gave the amount of isotope at the trans-side at a given time [q(t) in dprn]. After background 
correction, cumulative counts for the whole Ussing hemi-chamber were calculated. Calculating 
q(t)/(SAxA) for each sample, where A is the exposed tissue area (in cm2), yields the total 
calcium transported (in nmol.cm"2) as a function of time. Unidirectional steady state Ca2+ fluxes 
were determined by linear regression of calcium accumulation over periods of at least 45 min. 
To calculate net fluxes, values for unidirectional fluxes from mucosa to serosa (Jmï) and from 
serosa to mucosa (JJ) across adjacent segments from the same fish were used in data analysis. 
The unidirectional flux of every segment in the first 45 min (no cadmium present) served as 
the control value for the flux measured in the presence of Cd2+ in the time period after 45 min. 
The epithelium was in contact with Cd2* for 2 h or more. Ca2+ fluxes were expressed in 
nmol.h'.cm"2. 
CALCULATIONS AND STATISTICS 
Calcium fluxes in Ussing chambers were calculated by linear regression of 45Ca accumulation 
as a function of time. Statistical significance of differences between mean values was tested 
using a two-tailed paired or unpaired Student's t-test, where appropriate. Statistical significance 
























control Cd serosal 
Figure 1. Effect of 100 μΜ Cd2' on unidirectional calcium (luxes in stnppcd (Ish intestinal epithelium. Cd2' was 
administered at the serosal side of the tissue Both J„, and JM increase, indicating an effect on passive calcium 
flux through the paracellular pathway Net uptake of calcium is unaltered Mean ± standard error of the mean 
of 6 fish are shown One asterisk signifies Ρ < 0 05, and two asterisks indicate Ρ < 0 001. Of each fish, unidirec­
tional fluxes were measured at least in duplicate 
Results 
Two sets of experiments were performed viz. those in which cadmium was added to the serosal 
saline and those in which cadmium was administered at the mucosal side. The unidirectional 






,) of the two groups, i.e. calcium fluxes before 
mucosal or serosal addition of cadmium, were not significantly different (Figures 1 and 2). In 
pilot experiments, it had been established that time courses of accumulation of 45Ca before and 
after addition of 4 μΐ saline were linear and identical. In the experiments where an effect of 
100 μΜ cadmium was shown (see below), this effect had established relatively fast: the "'Ca 
accumulation rate had changed within 15 min following cadmium addition. Thereafter, the 
accumulation rate remained constant during the subsequent 2 hours. 
The effect of ΙΟΟμΜ Cd2* at the serosal side of the stripped intestinal epithelium is 
shown in Figure 1. / ^ increased significantly (P < 0.001) from 34.4 ± 8.1 to 46.5 ± 8.7 nmol 
Ca2+.h '.cm 2. J^ also increased significantly (P < 0.05) from 20.0 ± 10.4 to 28.3 ± 12.7 nmol 
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Figure 2. Effect of 100 μΜ Cd2* on unidirectional calcium fluxes in stripped fish intestinal epithelium Cd2' was 
administered at the mucosal side of the tissue. У,,, is unaltered, while J^ is increased profoundly Net uptake of 
calcium is significantly decreased (P < 0.05). Mean ± standard error of the mean of 7 fish are shown One 
asterisk signifies Ρ < 0 05, and two asterisks indicate Ρ < 0.001 Of each fish, unidirectional fluxes were 
measured at least in duplicate. 
Ca^.h'.cm2. Net calcium uptake was not affected by the presence of 100 μΜ Cd2+ at the 
serosal side of the tissue (values were 14.4 ± 6.8 and 18.3 ± 6.1, respectively). 
Figure 2 shows the effects on unidirectional calcium fluxes of 100 μΜ cadmium added 
to the mucosal side of the epithelium. І
ш
 was not affected (39.1 ± 18.1 vs. 45.4 ± 18.9 nmol 
Ca^.h'.cm2, respectively), but J
m
 increased prominently (P < 0.001) from 18.5 ± 9.9 to 
32.4 ± 11.1 nmol Ca^.h'.cm"2. The net influx of calcium decreased significantly (P < 0.05) 
from 20.6 ± 11.8 to 13.0 ± 12.8 nmol Ca2\h '.cm"2. 
Discussion 
Two conclusions are drawn from this study. First, cadmium (100 μΜ) added either at the 
mucosal or at the serosal side of stripped tilapia intestinal epithelium, increases the paracellular 
permeability to calcium to a similar extent. Second, active Ca2+ uptake by the epithelium 
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becomes inhibited after exposure of the intestine to cadmium at the mucosal side, but not after 
exposure to serosal cadmium. 
The Cd-induced increase of intestinal permeability to calcium corroborates the effects of 
cadmium on LLC-PK, cells recently described by Prozialeck and Nicwenhuis (1991a, 1991b). 
These authors found a fast Cd-induced decrease in electrical epithelial resistance of these cells. 
Cell viability was affected much more slowly. They concluded that cadmium disrupted the 
Ca2*-dependent tight junctions, since an increase in external calcium alleviated the effect. Apart 
from its permeabilizing effect on the cell-cell junctions, cadmium in the mucosal saline also 
induced a significant reduction in net calcium transport in tilapia. There are two possible 
explanations for this phenomenon, based on whether or not cadmium is able to enter the 
intestinal cells, as it was shown to do in gill cells (Verbosi et al. 1989b). Blocking apical 
pathways for calcium might result in a decreased transcellular calcium flux. However, Verbosi 
et al. (1987, 1989b) showed that cadmium entered epithelial cells in a way similar to calcium. 
Therefore, net calcium flux could also be inhibited by cadmium that has already entered the 
cells. The sites of this action are likely to be the proteins located in the basolateral plasma 
membrane thai are responsible for Ca2+ extrusion into the blood, and thai are extremely 
sensitive to cadmium (Schoenmakers et al. 1992a). 
In vivo, the mucosal side of the fish intestine is the first to come into contact with 
dietary cadmium. Our results show that this could lead to a decreased calcium uptake. A 
similar effect may occur in fish chronically exposed to low concentrations of cadmium in the 
food. Initially, when cadmium accumulates in intestinal cells, a large part could be sequestered 
by intracellular calcium stores or bound to proteins, keeping the cytosolic [Cd2*] at a very low 
level (Schoenmakers et al. 1992a). Tokushige et al. (1984) showed that total cadmium 
concentration inside vascular smooth muscle cells reached 0.8 mM when these cells had been 
exposed to 0.1 mM for 150 min. However, once intracellular stores are saturated with 
cadmium, free Cd2* ions are predicted to inhibit transcellular Ca2+ transport quickly, since 
intracellular sites of Ca-acceptors have proven to be extremely sensitive to Cd2* (Verbost et 
al. 1988, 1989a; Schoenmakers et al. 1992a). The high Cd2* sensitivity of transport proteins 
would predict that epithelial calcium transport would be inhibited by low Cd2+ concentrations. 
When we tested lower cadmium concentrations than the one we used in this study, we 
found no effects of cadmium within 3 h after cadmium addition. Apparently, cells with a large 
intracellular metal ion buffering capacity can tolerate these cadmium concentrations for several 
hours. For example, Foulkes (1991) showed that inhibitory effects of cadmium on rat intestinal 
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amino acid transport took hours to develop. Cell protein content of LLC-PK, cell layers was 
unaffected by cadmium for up to 8 h in the study by Prozialeck and Niewenhuis (1991b). 
Tokushige et al. (1984) showed that (Na++K+)-ATPase activity in intact vascular smooth 
muscle cells was not inhibited after 150 min of exposure to 0.1 mM cadmium. A 16 h 
preincubation with cadmium was necessary to invoke decreases in calcium influx in isolated 
head preparations of rainbow trout (Verbosi et al. 1987). 
A cadmium concentration similar to the one we have employed in this study is often used 
when the cadmium sensitivity of cells or tissues is studied (Foulkes, 1991; Menini and Rispoli, 
1988; Tokushige et al. 1984; Ueda et al. 1989). Apparently, high intracellular sensitivity to 
cadmium does not necessarily translate into high extracellular sensitivity. This may be related 
to the change in calcium affinity (high intracellular calcium affinity and low extracellular 
calcium affinity) occurring in certain calcium transporting proteins, in particular the Na7Ca2t 
exchanger (DiPolo, 1989). Also, the competitive effects of the high extracellular concentrations 
of cations, such as Ca2+, Mg2+ and Na+, on cadmium affinity should be considered. Menini and 
Rispoli (1988) showed that external concentrations of 1 mM calcium and 1.6 mM magnesium 
shifted the cadmium affinity of the calcium channel in tiger salamander rods from 38 μΜ to 
0.8 mM. These calcium and magnesium concentrations approach those of the Ringer's solution 
we used. 
The use of Ringer's solution per se introduces another phenomenon resulting in ionic 
Cd2+ concentrations lower than in water: the high chloride ion concentration (around 150 mM) 
will lead to the formation of cadmium-chloride complexes. The speciation of cadmium in a 
typical Ringer's solution — and therefore also in body fluids — can be calculated by classic 
equilibrium calculations (Butler, 1964), and is shown in Figure 3. The chloride complexes are 
unlikely to be the inhibitory principle in cadmium-containing Ringer's solution, since they are 
very different (in charge and/or radius) from Ca2+. In experiments, in which metal ion chelating 
compounds have been used to accurately create low ionic Ca1* concentrations in the presence 
of submicromolar Ca2+ levels (e.g. Schoenmakers et al. 1992a, 1992b), the ionic Cd2+ level is 
dictated by the metal chelators. Chloride complex concentrations are defined by the ionic Cd2* 
concentration. In experiments without metal chelators (this study), only the total dissolved 
cadmium concentration is defined. The ionic Cd2+ concentration will be only 14% of the total 
dissolved cadmium concentration, whereas in water more than 95% of the dissolved cadmium 
is present as Cd2+. This effect introduces a sevenfold reduction in sensitivity to cadmium when 






Figure 3. Speciation of cadmium in an aqueous solution with an ionic strength of 160 mmol 1 ' ionic equivalents, 
a [CI ] of 150 mM and pH 7.4. 
The net uptake of calcium appeared unaffected by ΙΟΟμΜ cadmium in the serosal saline. 
Possibly, the basolaterally located calcium transport mechanisms are not inhibited by this 
cadmium concentration. The competition for binding sites with Ca2+, Mg2+ and Na+ ions 
mentioned above, could be the cause of this. Membrane proteins, such as the Na7Ca2+ 
exchanger, are also known to have a lower affinity for metal ions at their extracellular sites 
(DiPolo, 1989). Furthermore, cadmium may effect a release of intracellular stored Ca2+ by 
activating a "Cd-receptor" (Dwyer et al. 1991). The subsequent intracellular [Ca2+] increase 
could compensate for any inhibitory effect of cadmium on calcium transporters. Moreover, a 
specific action of cadmium on the membrane protein chiefly responsible for transcellular 
calcium transport in this tissue, the NaVCa2+ exchanger, could be involved, since cadmium can 
be shuttled across the plasma membrane by this carrier in exchange for a Ca2+ ion (Trosper and 
Philipson, 1983; Schoenmakers et al. 1992a). In this way, basolateral calcium extrusion might 
still be able to proceed during the 2 h following the addition of cadmium, provided that the 
inward gradient for cadmium is greater than the inward gradient for calcium. This implies that 
such a Ca27Cd2* exchange cannot proceed indefinitely. 
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Both effects of cadmium described in this study may result in a more negative calcium 
balance in freshwater fish. Tilapia has been shown to become hypocalcémie when fed 
cadmium-containing food (Pratap et al. 1989). Apparently, these fish cannot compensate for 
the decreased intestinal calcium uptake by an increase in branchial calcium uptake. It remains 
to be resolved whether this inability results from an inhibitory effect of cadmium, that has 
entered the bloodstream via the intestine. Apart from the decreased net calcium uptake 
following mucosal exposure to cadmium, the effects of cadmium on paracellular calcium 
permeability may also prove to be important. An increased paracellular permeability to calcium 
would result in an increased calcium loss via this route. Epithelial permeability in freshwater 
fish is known to be controlled by prolactin (Wendelaar Bonga and Pang, 1991). Prolactin is 
also known to stimulate calcium transport mechanisms in fish gills (Flik et al. 1989b). 
Increased plasma prolactin levels, presumed to result from the increased prolactin cell activity, 
decrease the elevated paracellular permeability in gills and intestine of fish exposed to low 
calcium conditions (Utida et al. 1972; Wendelaar Bonga and Pang, 1991). Indeed, an increase 
in prolactin cell activity has been observed in tilapia exposed to low cadmium concentrations 
in the water (Fu et al. 1989; Fu and Іх»ск, 1990). Our results suggest that this increase may 
well be interpreted as a physiological response to an increased paracellular permeability, 




Actions of Cadmium on Basolateral 
Plasma Membrane Proteins Involved 
in Calcium Uptake by Fish Intestine 
Summary 
The inhibition of Ca2+-ATPase, (ЫаЧК+)-АТРа5е and Na7Ca2 t exchange by Cd2+ was studied 
in fish intestinal basolateral plasma membrane preparations. ATP driven '''Ca2* uptake into 
inside-out membrane vesicles displayed a Κ„ for Ca2+ of 88 ± 17 nM, and was extremely 
sensitive to Cd2+ with an [С!0 of 8.2 ± 3.0 pM Cd 2\ indicating an inhibition via the Ca2+ site. 
(Na++K+)-ATPase activity was half-maximally inhibited by micromolar amounts of Cd2*, 
displaying an IC5n of 2.6 ± 0.6 μΜ Cd
2+
. Cd2+ ions apparently compete for the Mg2* site of the 
(Na*+K*)-ATPase. The NaVCa2* exchanger was inhibited by Cd2* with an IC,0 of 73 ± 11 nM. 
Cd2* is a competitive inhibitor of the exchanger via an interaction with the Ca2* site (K, = 11 
nM). Bepridil, a Na* site specific inhibitor of Na'/Ca2* exchange, induced an additional 
inhibition, but did not change the K, of Cd2*. Also, Cd2* is exchanged against Ca2*, albeit to 
a lesser extent than Ca2*. The exchanger is only partly blocked by the binding of Cd2+. In vivo 
cadmium that has entered the enterocyte may be shuttled across the basolateral plasma mem­
brane by the NaVCa2* exchanger. We conclude that intracellular Cd2* ions will inhibit plasma 
membrane proteins predominantly via a specific interaction with divalent metal ion sites. 
Introduction 
Living cells need to extrude calcium continuously: the large inward electrochemical gradient 
for calcium results in 'leakage' of this ion into the cell and, as high Ca2* levels are toxic, it 
has to be eliminated in order for the cell to function properly. The intracellular Ca2* 
ThJ.M. Schoenmakers, P.H.M. Klaren, G. Flik, R.A.C. Lock, P.K.T. Pang and S.E. Wendclaar Bonga (1992). 
J. Membrane Biol. 127, 161-172. 
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concentration plays a key role in the regulation of many cellular processes, acting as an 
intracellular second messenger. Cellular calcium homeostasis is often safeguarded by the ATP-
dependent Ca2+ pump, a high affinity Ca2,-ATPase (van Os, 1987). This enzyme belongs to the 
family of Ε,Ε, type ion pumps (J0rgensen and Andersen, 1988), of which the ubiquitous sodi­
um/potassium-dependent ATPase ((Na++K+)-ATPase) is the most widely studied member. 
(Na*+K+)-ATPase is considered a pivotal transport ATPase for cellular ion homeostasis. It uses 
intracellular ATP to extrude Na+ ions, and to import K+ ions into the cell. Thereby it maintains 
the electrochemical gradients for Na+ and K+, which in turn are used by other membrane 
proteins that are essential for vital processes as cell volume regulation, ion extrusion and 
nutrient uptake (Skou et al. 1987). We have demonstrated both these plasma membrane ion 
pumps in the intestine of the teleost Oreochromis mossambicus (tilapia; Flik et al. 1990). 
In this freshwater fish intestinal calcium uptake not only depends on the action of the 
ATP-dependent Ca2* pump, but also on sodium/calcium exchange activity, which is abundantly 
present in the basolateral membrane. Na7Ca2+ exchange may well be the dominant Ca2* 
extrusion mechanism, in contrast to higher vertebrates where the ATP-dependent Ca2+ pump 
is most important (van Heeswijk et al. 1984). Sodium/calcium exchange requires the action of 
(Na++K+)-ATPase for the creation of the electrochemical gradient for Na*, which is its main 
driving force. The apparent maximum exchange velocity is 16 times higher than that reported 
for a comparable membrane preparation from rat small intestine (van Heeswijk et al. 1984; 
Ghijsen et al. 1983). The maximum velocity of the fish NaVCa2* exchanger exceeded that of 
the fish ATP-dependent Ca2* pump 34 times. Also, net intestinal calcium uptake was dependent 
on the existence of a Na* gradient across the basolateral cell membrane. These data indicate 
the involvement of Na'/Ca2* exchange in cell Ca2* homeostasis as well as transcellular Ca2* 
transport in tilapia intestinal epithelium (Flik et al. 1990). With its array of Ca2* transport 
mechanisms in the basolateral membrane the fish intestine may provide a suitable model for 
analyzing toxicological effects of Cd2* on ion transport mechanisms. 
In freshwater tilapia the major part of Ca2* uptake takes place via the gills (Flik et al. 
1985c). Uptake of calcium via the gastrointestinal tract may present a significant route of 
calcium influx, viz. in water containing low levels of calcium ('soft water') or when the fish 
are in need of extra calcium, e.g. during sexual maturation (Berg, 1970; Flik et al. 1990). 
Branchial Ca2* uptake is readily inhibited by submicromolar amounts of waterborne Cd2* 
(Reader and Morris, 1988; Verbosi et al. 1988, 1989b). Cadmium from the water as well as 
from the food accumulates in the gastrointestinal tract (Edgren and Notter, 1980; Eisler, 1974). 
The latter pathway appears to be most important for uptake of cadmium (Dallinger et al. 
1987). In tilapia adapted to soft water dietary cadmium is known to cause hypocalcemia 
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(Pratap et al. 1989). However, the mechanisms whereby cadmium interferes with calcium 
uptake in fish intestine have not yet been studied. 
For tilapia gills it has been shown that Cd2+ is able to pass the apical membrane of the 
calcium transporting epithelial cell via the same route as Ca2+ (Verbost et al. 1989b). The 
inhibition of transcellular calcium transport takes place at the basolaterally located Ca2* pumps 
(Verbost et al. 1988). In analogy then, our understanding of the interactions of Cd2+ with the 
cytoplasmic substrate and cation sites of proteins in the basolateral plasma membrane will be 
of primary importance to evaluate the mechanism of inhibition of intestinal Ca2t uptake by 
Cd2+. The basolateral membrane proteins involved in Ca2+ transport are the NaVCa2* exchanger, 
which is dependent on the correct operation of the (Na++K*)-ATPase, and the Ca2+-ATPase. 
We report here on the effects of Cd2+ on these three mechanisms, which appear to result from 
an interaction with divalent metal cation sites of the proteins. The NaVCa2* exchanger appeared 
to be able to shuttle Cd2* into the blood. 
Materials and Methods 
Male tilapia, Oreochromis mossambicus, weighing around 250 g were obtained from the 
electricity plant Bergheim/Niederhausen (Germany). The fish were kept in 100 1 aquaria 
supplied with running tap water (0.7 mM Ca, 250C) under a photoperiod of 12 h of light 
alternating with 12 h of darkness, during at least one month before experimentation. Cadmium 
was not detectable in tap water (detection limit 1 nM). Animals were fed Trouvit® fish pellets 
(Trouw & Co., Putten, The Netherlands), 4 to 5% body weight per day. Trace amounts of 
cadmium in the food result in a total cadmium content of mucosal tissue of 6.0 ± 2.4 nmol.g'1 
dry weight (и = 6). The possible consequences of this amount will be discussed below. 
Fish were killed by spinal transection. The peritoneal cavity was opened and the 
intestinal tract removed. The intestine was rapidly flushed with ice-cold saline and processed 
as described below. Enterocyte basolateral plasma membrane vesicles were prepared as 
described in detail recently (Flik et al. 1990). 
Briefly, the intestine was cut lengthwise and intestinal mucosa was collected by scraping 
off the epithelium onto an ice-cooled glass plate. The cells were homogenized in an isotonic 
sucrose buffer, and nuclei and cellular debris were pelleted by centrifugation at 1,400 χ g
av
 for 
10 minutes. The supernatant (containing 75% of the (Na++K+)-ATPase activity of the 
homogenate) was collected and centrifuged for 25 minutes at 150,000 χ g
av
. The resulting 
pellet consists of two parts: a firm brown part which contains mostly mitochondrial 
membranes, and a white and fluffy part on top which consists of plasma membranes. The 
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fluffy layer was resuspended in a 250 mmol.I ' sucrose buffer and subsequently brought to 37% 
(wt/wt) sucrose by addition of 1.25 volumes of a 60% (w/w) sucrose solution. On top of 8 ml 
of this suspension 4 ml of sucrose buffer was layered, and the assembly was centrifuged 
isopycnically for 90 minutes at 200,000 χ g
av
. Using a syringe fitted with a 23-Gauge needle 
the membranes at the interface were collected and mixed with 30 volumes of the final isotonic 
assay buffer (150 mM KCl, 0.8 mM MgCl2 and 20 mM HEPESATris pH 7.4). After 
centrifugation at 180,000 χ g
av
 for 35 minutes, the pellet was rinsed twice with assay buffer 
and resuspended by 25 passages through a 23-G needle. This final fraction contained 18% of 
the (№*+К+)-АТРа5е activity present in the homogenate. 
The configuration of the tilapia enterocyte plasma membrane vesicle preparation is 29% 
IOV, 24% ROV and 47% leaky fragments (Flik et al. 1990). Protein content of membrane or 
enzyme preparations was estimated with a commercial reagent kit (Bio-Rad), using bovine 
serum albumin (BSA) as a reference. Protein recovery with respect to the homogenate was 1.6 
± 0.5%. The membrane preparation was enriched 7.1 times in (Na++K+)-ATPase activity with 
respect to the homogenate. Contamination with mitochondrial and apical membrane fragments 
was minimal, as indicated by the purification factors of 1.1 and 1.2 for succinate 
dehydrogenase and alkaline phosphatase, respectively. 
BUFFERING OF CA2+, MO2* AND CD 2 + CONCENTRATIONS 
All assay media contained: 0.5 mM [ethylenebis(oxyethylenenitrilo)]tetraacetic acid (EGTA), 
0.5 mM Af-(2-hydroxyethyl)-cthylenediamine-MAr',iV'-triacetic acid (HEEDTA), and 0.5 mM 
nitrilotriacetic acid (ΝΤΛ). Free calcium, magnesium and cadmium levels were calculated as 
outlined below. All incubations were performed at 37 "С. 
We have written a computer program (implemented in Turbo Pascal 5.5® for IBM PC 
and compatibles; available upon request) which incorporates multiple metal-chelator equilibria 
to calculate free metal ion concentrations when using metal-chelating substances. The program 
also corrects for several experimental conditions, known to effect the apparent stability con­
stants used in the calculations. Tsien and Rink (1980) noted that textbook stability constants 
for H+ are based on [H*]'s. At non-zero ionic strength [H+] is not equal to H+ activity, of which 
pH is the negative logarithm. Unfamiliarity with this fact has lead to important errors in free 
metal calculation routines. Several authors have continued to overlook this point. Users of the 
algorithm of Fabiato and Fabiato (1979) should use the correction published by Fabiato (1981). 
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Table 1. Apparent stability constants of combinations of metals and chelators corrected 
for use at 37 0 C and 160 mM total ionic equivalents 
Metals Chelators 
ATP EGTA HEDTA NTA 
H* 



















































Kl, K2 and КЗ represent stability constants for the binding of the metal to the unprolon-
ated, mono- and diprotonated chelator, respectively. K4 is a stability constant for the 
reaction MOH 2 0 ·*" MOOH + H (MC stands for a metal-chclator complex; electrical 
charges omitted for clarity). 
Also, the method which we used before (van Heeswijk et al. 1984) does not contain this cor­
rection. Furthermore, textbook stability constants are obtained at standard experimental 
conditions, viz. ionic strength and temperature, which are different from those used in most 
biological in vitro systems. They therefore have to be corrected for these differences. 
We converted H+ activity to [H+] in all our calculations by the use of a semi-empirical 
form of the Giiggenheim-Davies extension of the Debye-Hiickel limiting law (Harrison and 
Bers, 1987). This was also used to correct the stability constants К for the effects of ionic 
strength: 
logK , = logK+FxOog/ ¡ - log / ' J ) , (1) 
where K' is the constant after and К the constant before correction, /¡ the activity coefficient 
of ion j at the tabulated ionic strength and f¡ that for the desired conditions. F is a factor 
dependent on the electrical charges of the cationic and anionic species relevant to a specific 
stability constant, and is calculated according to different formulae, dependent on which 
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stability constant is being corrected for effects of ionic strength The activity coefficient /j is 
calculated by 
log ƒ, = (1 8246 χ 10' / (εΤ)'5) χ (Vi / (1 + Vi) - 0 25 χ I), 
where ε is the relative dielectric constant of water (we corrected this constant for the 
temperature used), Τ the absolute temperature and I the ionic strength in ionic equivalents 
(Harrison and Bers, 1987) 
The effect of temperature is calculated by using Van 't Hoff's Isochore (Harrison and 
Bers, 1987) 
log K' = log К - (ΔΗ / (In(lO) χ R) χ ( Τ " - Τ')), (2) 
where R is the universal gas constant (8 314 χ IO3 kJ mol ' К') and ΔΗ is expressed in 
kJ mol ' Van 't Hoff's Isochore was also used to correct K
w
 (water constant, used in some 
equilibria) for temperature effects 
The contributions of all charged species of metal ions, chelators, complexes and pH 
buffers to ionic strength were included in the calculation The pKa of the pH buffers was 
adjusted for effects of ionic strength Table 1 lists the corrected stability constants used in our 
calculations Calculated Ca2* concentrations were counterchecked using a Ca2+ selective 
electrode (above 1 μΜ Ca2*) or fura-2 fluorescence (below 1 μΜ Ca2*) and found to be correct 
(cf Chapter 3) 
CA2+-ATPASE 
Ca2+-ATPase activity is not necessarily related to a functional Ca2*-extrusion mechanism 
(Birch-Machm and Dawson, 1988, Lin, 1985) The vectorial activity of the plasma membrane 
Ca2+ pump is, in our view, more accurately represented by the measurement ot ATP-dependent 
uptake of "Ca into inside-out plasma membrane vesicles We used this radiochemical 
measurement of 45Ca uptake, since it offers the most sensitive assay for Ca2+-ATPase activity 
functionally related to Ca2f extrusion 
Ideally, to obtain a precise estimate of the K, for Cd2+ and given that Cd2+ competes with 
Ca2+ for the calcium site of the pump (Verbost et al 1987, 1988, 1989a), the dose-dependent 
inhibition of the pump by Cd2+ should be established at a [Ca2+] near the pump's K^ , 
(Todhunter, 1979) We used a [Ca2+] of almost twice that value (200 nM) to ensure an accurate 
creation of calculated free Cd2+ concentrations at lower [Ca2*]'s Cd2+ disturbs the calcium-
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chelating action of the ligand system to such a degree that the buffering action of the ligands 
for calcium becomes unacceptably small. 
The ATP-driven transport of "'Ca was assayed using a rapid filtration technique (van 
Heeswijk et al. 1984). Uptakes of "'Ca into membrane vesicles during one-minute incubations 
(representing initial velocities of the pump) in the presence of 3 mM ATP and 0.8 mM Mg2+ 
were measured, and corrected for uptake in the absence of ATP. The reaction was quenched 
by a 14-fold dilution in ice-cold isotonic medium containing 0.1 mM LaClj, and the suspension 
was filtered (Schleicher & Schuil ME25, pore size 0.45 μΜ). Filters were rinsed twice with 
2 ml of ice-cold medium and transferred to counting vials. Four ml Aqualuma® was added per 
vial, filters were allowed to dissolve (30 minutes at room temperature) and radioactivity was 
determined in a Pharmacia Wallac 1410 liquid scintillation counter. 
(ΝΑ++Κ>ΑΤΡΑ5Ε 
(Na^iC^-ATPase activity in fish intestinal basolateral plasma membrane vesicles was 
determined as described earlier (Flik et al. 1985c). In short, vesicles (10 μg membrane protein) 
were diluted 50-fold into 500 μ\ medium, containing 100 mM NaCl, 30 mM Imidazole, and 
either 15 mM KCl or 1 mM ouabain, all adjusted to pH 7.4 with HRPES. In addition, the 
media contained the cation buffer substances, magnesium, cadmium and Na2ATP to realize the 
calculated amounts of free Mg2<, Cd2+ and ATP. (Na++K+)-ATPase activity was defined as the 
Na+- and IC-dependent, ouabain-sensitive phosphatase activity. The assay period was 5 minutes 
at 370C. Inorganic phosphate produced was measured by the colorimetrie Fiske-Subbarow 
technique using a commercially available Combined Calcium/Phosphorus Standard (Sigma cat. 
nr. 360-11) (Flik et al. 1985c). Saponin was added to maximize the accessibility of the initially 
resealed membrane vesicles for the reactants. The (Na++ К ^ -ATPase activity of the membrane 
preparation was maximally stimulated by 75% by the addition of 0.4 mg saponin per mg 
membrane protein, at a protein concentration of 0.5-1.0 mg membrane protein per ml. 
(Ν3*+Κ*)-ΑΤΡ38ε purified from dog kidney (Sigma cat. nr. A-0142; ouabain-sensitive 
activity 66/лпоі P.-h'.mg protein'1) was suspended in medium containing 250 mM sucrose and 
60 mM imidazole, adjusted to pH 7.4 with HEPES. The final protein concentration was 42 
mg.mr1. (Na++K+)-ATPase activity of this preparation was determined using 5 μ\ of preparation 
on 500 μ\ assay medium. 
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NA7CA 2 + EXCHANGE 
NaVCa2* exchange activity in plasma membrane vesicles was assayed as described earlier (Flik 
et al. 1990). Briefly, 5 μ\ membrane vesicles equilibrated with 150 mM NaCl were added to 
120 μΐ of 45Ca containing media with either 150 mM NaCl (blank) or 150 mM KCl as main 
salt constituents. The media also contained 0.8 mM free Mg2\ mimicking intracellular 
conditions. Earlier experiments had shown that addition of valinomycin did not further increase 
exchange velocities in media containing equal amounts of intra- and extravesicular K+, 
indicating that no build-up of membrane potential occurred during the assay period. We 
therefore did not use valinomycin in the present studies on Na7Ca2+ exchange. After 5 seconds 
at 37 "C (this represents initial velocities), the reaction was stopped by addition of 1 ml ice-
cold isotonic stopping solution containing 1 mM LaCl
v
 A 1 ml sample was filtered (Schleicher 
& Schiill 0.45 μχη) and the filter was rinsed three times with 2 ml stopping solution. The 
difference in 4,Са2к accumulated was taken to represent Na+-gradient driven Ca2+ transport. 
CA27CA2t EXCHANGE 
Ca27Ca2* exchange was tested according to Philipson and Nishimoto (1981) with minor 
modifications. Briefly, 5 μΐ membrane vesicles equilibrated with 150 mM NaCl were added 
to 70 μΐ medium with 150 mM KCl and 25 μΜ 45Ca. No calcium-chelating substances were 
used in these assays. The vesicle Na+ gradient will have dissipated 3 minutes after the primary 
dilution (see also Figure 2 in Flik et al. [1990]: Na+-gradient driven Ca2+ uptake reaches a 
maximum at t = 2 min). Then, the vesicle suspension was diluted 14-fold by addition of 975 
μΙ 150 mM KCl medium containing either no calcium and cadmium, or 25 μΜ calcium, or 25 
μΜ cadmium. KCl-equilibratcd vesicles were used as blanks to correct for ""'Ca bound to the 
exterior of vesicles. Efflux of 45Ca was stopped by filtration immediately followed by a 
threefold wash with ice-cold 150 mM KCl medium containing 1 mM LaCl,. 
ISOLATION OF FISH ENTEROCYTES AND LOADING WITH FURA-2 
After having obtained the intestine as described above, the intestinal mucosal cells were 
scraped off the submucosa onto an ice-cooled glass plate using a glass slide. Cells were 
resuspended in 10 ml basic salt solution (ingredients: NaCl 140 mM, KCl 5, CaCl2 1, MgCl2 
1, glucose 10, and HEPES 10, adjusted to pH 7.2 with KOH) supplemented with 0.1 mg.ml"1 
bovine serum albumin (Sigma, grade V) and 50 μg.mΓ' DNAse. This suspension was kept at 
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0 °C for 30 minutes, filtered through cheese cloth and centrifuged to collect the cells (5 
minutes, 100 χ g
av
). The cell pellet was resuspended in 4 ml bicarbonate-Ringer containing 
NaCl 140 mM, KCl 2.4, CaCl2 2.1, MgS04 1.4, KH2P04 1.3, NaHC03 25, glucose 500 mg/1, 
glutamine 290 mg/1, and Eagle's Minimal Essential Medium amino acids (50x) 20 ml. The cell 
suspension was distributed in aliquots of 0.4 ml over plastic petri dishes containing one round 
cover slip (0 25 mm) each, and put in an incubation chamber at 28 °C that was flushed with 
humidified gas (5% C0 2 and 95% 02). After 60 minutes, the cells attached to the cover slips 
were washed twice with 1 ml medium. Finally, 0.5 ml medium, containing 5 μΜ Fura-2-
acetoxymethyl ester (Fura-2/AM; Molecular Probes Inc., Junction City, Oregon, USA), was 
added. Cells were incubated for 30 minutes. The cover slips were subsequently washed twice 
with 1 ml medium without Fura-2/AM and used in the experiments described below. 
INTRACELLULAR FREE CA2+ MEASUREMENTS 
Fura-2 fluorescence was determined using a Tracor Fluoroplex III system (TN 6500 Rapid 
Scan Spectrometer; TN 6075 Photon Counter; IBM AT-compatible computer) coupled to a 
Nikon Diaphot microscope equipped with UV-optics. The excitation wavelength was alternated 
every 200 ms between 340 nm and 380 nm. Emitted fluorescence was filtered through a barrier 
filter (BA520) and measured through the front port of the microscope using a photomultiplier 
tube (FP 1400 Photon Counting Detector). Intracellular free Ca2+ concentrations were calculated 
according to Grynkiewicz et α/.(1985), using a К^  of 162 nM (Kao and Tsien, 1988). Since the 
Kd for Mg2+ is 9.8 mM (Grynkiewicz et al. 1985) and intracellular Mg2+ levels are unknown 
(but predicted to be around 1 mM), no correction for competitive binding of Mg2+ to fura-2 
was applied. 
Calibration of fura-2 was performed inside the cells on which an experiment had been 
performed. lonomycin was added to the observation chamber (final concentration: 10 μΜ) to 
obtain influx of calcium and to assess the maximum fluorescence ratio (Rimx). Next, EGTA 
(final concentration: 1.25 mM) was added to determine the minimum fluorescence ratio (R
min). 
Typical values were 0.5 for R
min, 0.7 for Rral and 9 for R^. 
CALCULATIONS AND STATISTICS 
Kinetic parameters and their standard deviations were derived by non-linear regression analysis. 
Statistical significance of differences between means was tested with the Mann-Whitney t/-test. 
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Figure 1. Double reciprocal plot of the Ca2* dependency of the ATP-dcpendcnl Ca-pump in basolateral plasma 
membrane vesicles from fish intestine. Mean values (± standard error of the mean) of 5 experiments are given. 
Initial rates of ATP-dependent Ca2* uptake were corrected for ATP-independent uptake. The calculated K,, is 
88 ± 17 nM, while the computed V^, is 0.81 ± 0.05 nmol.min'.mg1. 
Results 
CA2+-ATPASE 
Figure 1 shows the Ca2* dependency of ATP-driven 45Ca uptake into inside-out basolateral 
plasma membrane vesicles. The calculated K,,, is 88 ± 17 nM Ca2f and the V,^ is 0.81 ± 0.05 
nmol Ca^.min'.mg"1 protein. 
Figure 2 shows the dose-dependent inhibition of the Ca2+-pump by Cd2+. Non-linear 
regression analysis yielded a half-maximal inhibition constant of 8.2 ± 3.0 pM Cd2* ([Ca2*] = 
200 nM). We were unable to evaluate the kinetics of the inhibition by Cd2+, as a result of the 
low maximal velocity of the pump. Assuming that Cd2* competes with Ca2* for the Ca2+ 
binding site of the pump, as shown for other preparations before (Verbost et al. 1987, 1988, 
1989a), the К^  (К| = IC50 χ ( K J ^ + S ) ) ) for cadmium-inhibition of the ATP-dependent Ca2* 
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Figure 2. Cd2* inhibition of the ATP-dependcnt Ca-pump in basolateral plasma membrane vesicles from fish 
inlesline. Mean values (± standard error of the mean) of 9 experiments are given. The free [Ca2*] was kept 
constant at 200 nM. Initial rales of ATP-dependcnt Ca2* uptake were corrected for ATP-independent uptake. 
Asterisks indicate values significantly different from the control value (P s 0.001). The calculated IC,,, is 8.2 ± 
3.0 pM Cd2*. 
(NA++K+)-ATPASE 
Cadmium inhibits the (Na++K+)-ATPase activity in the basolateral plasma membranes isolated 
from fish intestinal epithelium half-maximally at a concentration of 2.6 ± 0.6 μΜ Cd2+ 
(Figure 3). In the dog kidney enzyme preparation the \C50 for cadmium inhibition was 6.3 ± 
1.4 μΜ (л = 5). 
To test whether Cd2+ specifically interferes with activation of the enzyme by intracellular 
substrates, we investigated the effects of a fixed concentration of Cd2+ on the ATP- and Mg2h-
dependent activities of (Na++K+)-ATPase. ATP exerts both a high-affinity phosphorylation of 
the (Na4K+)-ATPase and a low-affinity allosteric stimulation. The ATP concentrations used 
are aimed specifically at discriminating the low-affinity stimulatory action of ATP on the E2-
form of the (Na++K*)-ATPase, since this action is most important for overall reaction velocity 
(Rossi and Garrahan, 1989a). At 2.5 μΜ free Cd2+ the V ^ of (Na++K+)-ATPase for activation 
by ATP decreased to 62 ± 10% of the control value, while the K^ for ATP had not changed 
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Figure 3 Cd2* inhibition of (Na*+K*)-ATPases from fish intestine and dog kidney Mean values (± SEM) are 
given Filled circles and solid lines indicate the fish intestinal preparation (n=6), while filled squares and dashed 
lines represent the dog kidney preparation (n=5) The fish intestinal (Na4K*)-ATPase displayed an activity of 
214 + 27 μιηοΐ Ρ, h ' mg protein ', and the dog kidney (Na4K*)-ATPase produced 180 ± 13 μπιοί Ρ, h ' mg 
protein ' Free [Mg2*] was 5 mM Tildes indícate a Ρ s 0 05, plus signs a Ρ s 0 01, and asterisks a Ρ s 0 001 
For fish intestinal (Na*+K')-ATPase the ІСщ was 2 6 + 06 μΜ, for the dog kidney preparation il was 6 3 ± 1 4 
¿iMCd2* 
significantly (P > 0.5; η = 3) from 0.85 ± 0.11 to 0.97 ± 0.16 mM (Figure 4). Apparently, 
Cd2+'s inhibition of the (Na4K+)-ATPase does not take place via the low-affinity site of ATP. 
Figure 5 shows the Mg2' dependency of the (№*+К.*)-АТРа5е and the effect of the 
presence of 2.5 //M Cd2+. Control kinetics were complex, apparently involving more than one 
action of Mg2*. At low Mg2* concentrations, the high affinity component of the Mg2* 
dependency of (Na*+K*)-ATPase displayed a half-maximal activation constant of around 4 μΜ. 
With 2.5 μΜ free Cd2* present, the activation of the (Na*+K<)-ATPase by Mg2+ could be 
described by a single Michaelis-Menten relationship. The К™ of the (Na*+K*)-ATPase for Mg2* 
increased to 243 ± 13 μΜ, and the V
ma:
, was reduced to 69 ± 3% of the control value. 
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Figure 4 Double reciprocai plot of the kinetics of the low-affinily ATP site of (Na*+K*)-ATPase from fish 
intestine, illustrating the effect of Cd2' on the Y,™, for ATP of the (Na*+K*)-ATPase The data are mean values 
(± standard errors of Ihc mean) for 3 experiments The reaction velocity of the control experiment attained at 
the highest substrate concentration used was taken as 100% (i e 137 + 26 μιηο! Ρ, h ' mg protein ') Mg'* was 
kept constant at 5 mM Control data are represented by filled circles and solid lines, while experimental data are 
given by filled squares and dashed lines The presence of 2 5 μΜ Cd2* resulted in a 38% decrease of the 
calculated V ^ , but no significant change in the calculated K„, for ATP 
NA7CA2 + EXCHANGE 
In isolated fish enterocytes the resting intracellular Ca2+ concentration was 85 ± 21 nM (n = 
25) When the outside medium was supplied with 1 mM ouabain (blocking the (Na++K+)-
ATPase of the cells), the intracellular Ca2+ concentration rose. Cells exposed to an ouabain 
containing solution without calcium did not exhibit a rise in intracellular Ca2*, indicating that 
the extracellular Ca2+ is necessary for this response to be observed (Figure 6). 
Figure 7 shows the Cd2+ concentration dependence of the inhibition by Cd24 of Na+/Ca2+ 
exchange (w = 5) at a fixed free Ca2+ concentration of 7 μΜ Non-linear regression analysis 
yields an IC50 of 73 ± 11 nM Cd
2
*. Given that Cd2+ is a competitive inhibitor of the Ca2+ site 
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Figure 5 Double reciprocal plot of (Na*+K*)-ATPase activity of fish intestine as a function of Mg2*. Mean 
values (± slandard errors of the mean) for 5 expenmenis are given 100% activity equals 177 ± 35 μπιοί Ρ,.ΐι ' mg 
protein ' hydrolysed (attained at the highest [Mg2*] tested) Control data are indicated by filled circles and solid 
lines, while experimental data are given by filled squares and dashed lines. The presence of 2.5 μΜ Cd2' yielded 
a shift in Κ„ for Mg2* to 243 + 13 μΜ. The calculated maximal velocity had decreased by 31% 
The Ca2+ kinetics of the Na7Ca2+ exchanger were determined at 0, 5 and 65 nM Cd2+. 
Substrate dependence of initial velocities obeyed a Michaelis-Menten relationship. In the 
absence of Cd2+ a K,,, of 1.21 ± 0.06 μΜ and a maximal velocity of 18.1 ± 0.6 nmol.min'.mg"' 
protein (л = 5) were calculated. Cd2+ (5 and 65 nM) had a competitive inhibitory effect on Ca2+ 
kinetics (Figure 8). The K,,, for Ca2* increased significantly to 8.1 ± 0.5 μΜ at 5 nM Cd2+, and 
to 16.6 ± 0.7 μΜ at 65 nM Cd2+ (P < 0.001). Maximal velocities had not changed significantly 
(P > 0.1). 
Bepridil (80 μΜ), known to specifically interfere with the exchanger's activation by Na+ 
(Garcia et al 1988), induced an additional inhibition of the Na7Ca2+ exchanger apart from that 
caused by Cd2+ (Figure 9). Furthermore, the abscissa intercept of the regression line in the 
Dixon plot (where [Cd2+] = -Κ, + Κ, χ K j χ [Ca2+]) remained unchanged, indicating that the 
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Figure 6 Two experiments showing the effect of changes in the outside medium on intracellular Ca2* concen­
tration in single freshly isolated Ulapia entcrocyles The solid line is a record for a cell kept in an external 
medium containing 1 mM ouabain. The dashed line is a record of another cell, where Ihc extracellular medium 
did not contain calcium during Ihc indicated period The two acute drops m intracellular [Ca2*] are an arlifacl 
due to Ihc solulion changes. The rise in intracellular [Ca2*] was dependent on the presence of extracellular 
calcium Similar results were obtained in three other expenmcnls 
K, of the inhibition by Cd2+ remained unchanged. Thus, bepridil does not compete for the site 
by which Cd2+ inhibits Na7Ca2+ exchange. 
To test whether Cd2+ substitutes for Ca2+ in the activation of the antiporter we followed 
an approach originally suggested by Philipson and Nishimoto (1981). Using a differential assay 
to determine the stimulation of efflux of 45Ca accumulated intravesicularly through the action 
of the exchanger, it was demonstrated that 25 μΜ extravesicular calcium induces a significant 
efflux of 4,Ca (statistically tested as the effect of the treatment on the fractional loss that had 
occurred after 1 min of efflux; Ρ < 0.01). Cd2+ also induced a significant (P < 0.05) release 
of 45Ca from the vesicles, indicating a functional Ca2+/Cd2+ exchange (table 2). Cd2+ was less 
readily exchanged than Ca2+ itself. 
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Table 2. ^Са efflux from basolateral plasma membrane vesicles 
Fractional loss of ',5Ca at t = 60 
Control 25 ± 15% 
25 μΜ calcium 44 ± 14%** 
25 μΜ cadmium 38 ± 14%* 
*P < 0.05, **P < 0.01, significantly different from control values. 
Efflux of 4,Са is expressed as the fractional loss of 45Ca associated 
with the vesicles between t = 0 and t = 60 s. 45Ca was introduced 
into the vesicles by Na7Ca2+ exchange activity during 3 minutes of 
preincubation. K* loaded vesicles served as blanks, for which all 
figures above were corrected. Means ± SD for 6 experiments are 
given. 
Discussion 
CADMIUM CONTENT OF INTESTINAL TISSUE 
Trace amounts of cadmium in the fish food led to a total cadmium content of the mucosal 
scrapings of 6.0 nmol.g'1 dry weight. We calculate a total [Cd] of 1.4 μΜ if this amount were 
to be homogeneously distributed in the epithelial water, i.e. 4.2 ml.g'1 dry weight (van der 
Velden et al. 1990). However, sequestration of Cd2+ by intracellular calcium stores and binding 
to calcium binding proteins will minimize the amount of available ionic Cd2*. Ca2* buffering 
mechanisms (stores and binding proteins) reduce the total [Ca] of 2.9 mM (van der Velden et 
al. 1991) to a free concentration of 85 nM (this study). Assuming that their affinity for 
cadmium is (at least) 100-fold higher than for calcium (see e.g. this study and Verbost et al. 
1988, 1989a), they will buffer free Cd2* levels to 0.4 pM (or less). We therefore conclude that 
the trace amounts of cadmium originating from the food do not interfere with the calcium 
transport mechanisms in tilapia intestinal cells. Moreover, the assays reported on here will not 
be perturbed by any cadmium possibly associated with the enterocyte plasma membrane 
vesicles after their isolation, since the use of millimolar amounts of metal chelating substances 
warrants stable free metal ion concentrations. 
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Figure 7. Inhibition of initial velocities of NaVCa2* exchange in lilapia basolaleral plasma membrane vesicles 
by Cd2*. Free Ca2* concentration was kept constant at 5 μΜ. An IC,,, of 73 ± 11 nM Cd2* was observed. Mean 
± SEM of 6 expenments are shown. Asterisks indicate a significant difference from the conlrol value (P < 0.01). 
CA2t-ATPASE 
The half-maximal activation concentration of the pump for Ca2+ (88 ± 17 nM) appears to be 
at variance with the value previously published, i.e. 27 ± 4 nM (Flik et al. 1990). However, 
the calculated free calcium concentrations of the latter experiment were not corrected for 
effects of experimental conditions on the stability constants of chelator-cation complexes, as 
described above. Recalculation of the previous data yielded a similar K,,, value (65 ± 8 nM 
Ca2t). 
The K,,, found is near the measured [Ca2*] of around 85 nM, and is comparable to those 
previously published for ATP-dependent "'Ca uptake in plasma membrane vesicles from rat 
duodenum (Verbosi et al. 1987), trout gill (Verbost et al. 1988), rat kidney cortex (van 
Heeswijk et al. 1984), and rat enterocyte endoplasmic reticulum (van Corven et al. 1987). 
The observed sensitivity to inhibition by Cd2* is unlikely to be caused by a competition 
for the Mg2+ site, but rather for the Ca2+ site of the enzyme, since ATP-dependent uptake of 
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ligure 8 Lincwcavcr-Burk plot of the Ca2* dependence of inilial velocities of NaVCa2* exchange The two fixed 
Cd2* concentrations (5 and 65 nM Cd2*) induce a competitive inhibition for Ca2*, increasing Ca2*'s K,, but not 
significantly increasing V,,,,, (P > 0 1) The K^ , for Ca2* activation of the Na'/Ca2* exchanger changed from 1 21 
± 006 μΜ lo 8 1 ±05 μΜ m the presence of 5 nM Cd2*, and lo 166 ± 07μΜ when 65 nM Cd2* was present 
Controls (n = 5) are shown as solid circles, 5 nM Cd2* values (л = 3) as solid squares and 65 nM Cd2* values 
(л =3) as solid triangles Means ± SEM are shown Frrors bars were not drawn when smaller than the symbols 
activation, but submicromolar amounts of Ca2+ (Birch-Machin and Dawson, 1988). Moreover, 
it is well known that Cd2+ interacts with the Ca2+ site of the enzyme in trout gills (Verbost et 
al. 1988), rat enterocytes (Verbost et al. 1987) and human erythrocytes (Verbost et aL 1989a). 
Although the Ca2* affinity of the pump is comparable in the preparations mentioned 
above, its affinity for Cd2* is remarkably different: the Ca2+ pump in trout gill basolateral 
plasma membranes was half-maximally inhibited at 3 nM Cd2* (Ca2+ = 250 nM) and the rat 
duodenal Ca2* pump displayed an \С
ъа
 of 1.6 nM Cd2* at 1 μΜ Ca2*. Fish intestinal Ca2* pump, 
however, showed an IC 5 0 of 8.2 ± 3.0 pM at 200 nM Ca
2
*. These differences cannot be 
explained by the different Ca2* concentrations used. Wc suggest species differences or 
membrane environment of the pump as possible causes. Whatever the cause of these 
differences is, the very low IC,0 value indicates an extreme sensitivity to Cd
2
* for the Ca2+ 
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[Cd2+] (nmol M) 
Figure 9 Dixon plot of Cd2* inhibition of initial velocities of NaVCa2* exchange and the effect of 80 μΜ 
bepridil Ca2' concentration was kept constant at 2 5 μΜ Solid circles indícale dala of Cd'* inhibition and solid 
triangles show data of the inhibition by Cd2' plus bepridil Means ± SEM (л = 3) are shown Lines were 
calculated by weighted non-linear regression analysis The shared abscissa-intercept indicates that Cd2* and 
bepridil do not compete for each other's inhibitory site 
pump of tilapia enterocytes. In vivo, this pump will become impaired once free Cd2* ions are 
present in intestinal mucosal cells. 
(NA++K*)-ATPASE 
A purified preparation of (Na++K+)-ATPase from dog kidney displayed a somewhat lower 
affinity for cadmium, Le. 6.3 ± 1.4 μΜ, than the (Na*+K*)-ATPase in fish intestinal basolateral 
plasma membrane vesicles (2.6 μΜ Cd2*). Other preparations have displayed similar IC,,, 
values for Cd2* inhibition of (Na*+K*)-ATPase activity: in rat brain synaptosomes half-maximal 
inhibition occurred at 5.4 μΜ (Lai et al. 1980), in disrupted vascular smooth muscle cells at 
10 μΜ (Tokushige et aL 1984), and in microsomes obtained from frog skin at 30 μΜ (Takada 
and Hayashi, 1978). 
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The 5 orders of magnitude difference in IC5n values observed for Cd
2+
 inhibition of the 
(ЫаЧК*)-АТРа5е and the Ca2+-ATPase leads us to conclude that the affinity for Cd2* is not 
dictated by the homologous regions of these Ε,-Ε, class ion pumps. The reduction in V ^ and 
the unchanged apparent K^ for ATP caused by 2.5 μΜ Cd2+ also shows that Cd2* does not 
inhibit the (Na*+K')-ATPase through occupation of the low-affinity ATP site. 
(Na'+K^-ATPase displayed non-Michaelis-Menten behaviour with respect to Mg2*. Rossi 
and Garrahan (1989b) have taken this to be an indication for the presence of a contaminant 
amount of Mg2* in the assay media. Analyzing our data along these lines, we calculate a 
contaminant Mg2* concentration of 1.2 ± 0.4 μΜ. The half-maximal activation constant found 
in this way, i.e. 12.2 ± 1.7 μΜ, equals that previously published by Rossi and Garrahan 
(1989b), i.e. 11.8 ± 1.7 μΜ. However, our use of chelating compounds will prevent errors 
caused by small contaminations. Therefore, we tend to favour an alternative explanation 
advanced by Covarrubias and de Weer (1990): the non-Michaelis-Menten behaviour observed 
is the direct consequence of a dual action of Mg2* on a single site of the (Na*+K*)-ATPase. 
The presence of Cd2* changed this behaviour drastically: the K,,, for Mg2* increased from 
around 4 μΜ to 243 ± 13 μΜ and the kinetics could be adequately described by a normal 
Michaelis-Menten function. Cd2* apparently competes for the Mg2* site on the (Na*+K*)-
ATPase. 
NAVCA2* EXCHANGE 
The mean intracellular Ca2* concentration of around 85 nM in isolated tilapia enterocytes is 
in good agreement with literature values of other types of epithelial cells (Taylor, 1989). We 
used two treatments that greatly decreased net intestinal calcium uptake (Flik et al. 1990) to 
test whether the NaVCa2* exchanger is also involved in intracellular Ca2* homeostasis. 
Changing the extracellular medium to a medium containing N-methyl-D-glucamine instead of 
sodium yielded similar results as seen in Figure 6: the intracellular Ca2* concentration rose 
rapidly to values slightly above 100 nM (data not shown). This is most probably caused by 
Na*/Ca2* exchange working in a "reverse" mode as a result of the change in electrochemical 
gradient for Na*. The relatively rapid onset of the response implies that the exchanger operated 
near its zero-flux equilibrium, so that a small change in Na* driving force resulted in a reversal 
of net flux. Indeed, the measured resting free Ca2* concentration is close to the estimated 
equilibrium value of 67 nM for the NaVCa2* exchanger (with [Ca2*]0 = 1.25 mM (Hanssen et 
al. 1989), [Na*]„ = 125 mM (Flik et al. 1989b), [Na*], = 9 mM (Taylor, 1989), a membrane 
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potential of -50 mV (Bakker and Groot, 1984), a sloichiometry of 3 Na* to 1 Ca2*, and [Ca2*], 
= [Ca2+]() χ [ N a t x [Na*],,5 χ exp{VmFx(RT) ')) 
A potential pitfall in the fura 2 experiments is that intracellular Ca-chclating substances 
inhibit 'reverse-mode' NaVCa2* exchange in certain cell types (Allen and Baker, 1985, DiPolo 
et al 1989, Sjodin et al 1990) The inhibitory action is not caused by the chelation of 
intracellular Ca2+ ions, since even an excess amount of intracellular Ca2t cannot reverse the 
inhibition of Ca2* influx (Sjodin et al 1990) The 'reverse-mode' Na*/Ca2* exchange activity 
that we attempted to use in these experiments might be severely inhibited by the presence of 
intracellular fura 2 (Taylor, 1989) In fact, Ihe modest response of intracellular [Ca2*] observed 
(when viewed against the drastic effects of the same treatments on transcellular Ca2* transport 
[Fhk et al 1990]) suggests that such an inhibition did indeed occur in experiments using 
fura-2, the role of Na*/Ca2* exchange in intracellular Ca2* homeostasis may well be 
underestimated 
Cd2* was previously shown to inhibit the NaVCa2* exchange in mammalian sarcolemmal 
vesicles with an IC50 of approximately 30 μΜ in the presence of 20 μΜ calcium (figure 2 in 
Trosper and Philipson, 1983) In cultured arterial smooth muscle cells the Na'/Ca2* exchanger 
apparently was more sensitive to Cd2* inhibition, since an IC50 of 2 4 μΜ was observed at a 
calcium concentration of 100 μΜ (with a K,,, for Ca2* of 100 μΜ) (Smith et al 1987) No 
metal chelating substances were used in these studies Proceeding from these published data 
and the present study we calculate apparent K,'s of 11 nM Cd2* for the tilapia NaVCa2* 
exchanger, 1 2 μΜ for the arterial smooth muscle exchanger and 15 μΜ for the antiporter in 
mammalian sarcolemma The tilapia NaVCa2* exchanger is by far the most sensitive of the 
antiport systems studied, with respect to both Ca2* and Cd2* The Cd2* sensitivity of the 
exchanger falls midway between the Cd2* sensitivities of the ATP-depcndent calcium pump 
and the (Na*+K*)-ATPase in these membranes The order of sensitivity suggests a correlation 
between the ICS0 for inhibition by Cd
2
* and the affinity of the divalent metal ion site for which 
Cd2* competes 
The Ca2* dependence of the NaVCa2' exchanger obeyed single Michaehs-Menten kinetics 
(improvements in the procedure to calculate free Ca2*, Mg2* and Cd2* concentrations allowed 
us to reject the previously reported double Michaehs-Menten relationship [Fhk et al 1990]) 
The Kn, for Ca2* of 1 21 ± 0 06 μΜ is low compared to values published for NaVCa2* exchange 
in mammalian sarcolemmal vesicles (around 27 μΜ) or in synaptosomal membranes (around 
34 μΜ) (Reeves and Philipson, 1989) The higher Ca2* affinity may reflect a species specific 
difference. Alternatively, it may arise from the use of calcium chelating substances Trosper 
and Philipson (1984) state that the apparent K^ , of the sarcolemmal NaVCa2* exchanger for 
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Ca2+ was lowered from 21 5 μΜ to as low as 1 μΜ by the use of 22 μΜ FGTA Moreover, 
the use of EGTA changed the kinetic behaviour such that the data yielded an arcuate Eadie 
Hofstee plot comparable to the one we reported previously (Flik el al 1990) However, our 
present results show a simple Michaelis-Menten behaviour for the Ca2+ dependence of tilapia 
enterocyte Na7Ca2t exchange Calcium chelators may reduce the Na7Ca2+ exchanger's K,,, for 
Ca2+, but if calcium binding proteins act in a similar way, this may be important in vivo in 
these epithelial cells, where resting Ca2+ levels are around 85 nM, a Ca2+ extrusion mechanism 
should respond to changes in submicromolar Ca2+ concentrations The use of calcium chelators 
is not a prerequisite for the determination of the Ca2+ dependence ot the Na7Ca2+ exchange per 
se, but it іь indispensable to accurately establish free Ca?+, Mg,+ and Cd2+ concentrations in the 
kinetic assessment of Cd2+ inhibition of NaVCa^ exchange If no metal ion buffering is used, 
Cd2+ ions become bound to membrane structures and reaction vessel walls to a very significant 
degree This leads to an overestimation of the IC,0 of Cd
2+
 We therefore used calcium 
chelators in our system to circumvent problems related to this topic 
The kinetic study thus performed showed an exclusive effect of Cd2+ on Ca2' affinity, 
which indicates that Cd2* exerts an inhibition via a competition for the Ca2+ site of the 
exchanger Pharmacological studies using bepridil supported this hypothesis a change in the 
K, for inhibition by Cd2+ was not observed We conclude that Cd1* inhibits the NaVCa2* 
exchanger solely via a competition lor the Ca2* site on the molecule 
It is well known that intracellular Ca2+ ions activate Na7Ca2+ exchange (usually measured 
in its 'reversed-mode', ie Na* efflux/Ca2* influx) in excitable tissues (Allen and Baker, 1985, 
DiPolo et al 1989, Sjodin et al 1990) The Ca2* affinity ol the regulatory site can be much 
higher than that of the Ca2* transport site, although excised-patch clamp studies on guinea pig 
sarcolemma showed that binding of Na* to the exchanger molecule induces a drop in Ca2* 
affinity of the regulatory site to around 1 μΜ (Hilgemann, 1990) If such a regulatory site 
exists on the NaVCa2* exchanger found in fish intestinal epithelium, binding of Cd2* to it could 
either mimic Ca2*'s action and stimulate NaVCa2* exchange, or exchange could be inhibited 
by prohibiting Ca2* to bind to the activatory site The first possibility implies that the observed 
inhibition by Cd2' stems only from its competition for the Ca2* transport site The second 
would result in Cd2* acting on two sites simultaneously, since both sites appear to have similar 
affinities (for Ca2*, and thus probably for Cd2* too) The. dose-dependent inhibition by Cd2* did 
however not show any signs of cooperativity, which argues against the latter possibility 
The competition of Cd2* for the Ca2* site of the NaVCa2* exchanger raises the question 
whether Cd2* might also be translocated across the cell membrane We did not observe a Na7 
Cd * exchange activity in this plasma membrane preparation However, when we tested for 
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45Ca27Cd2+ exchange according to the procedure of Philipson and Nishimoto (1981), we found 
that 25 μΜ cadmium elicited a significant 45Ca efflux. Trosper and Philipson (1983) showed 
that, in canine cardiac sarcolcmmal vesicles, 20 μΜ cadmium was exchanged against calcium 
even more effectively than calcium itself. In our experiments calcium was more effective in 
inducing 4SCa efflux than cadmium. 
Does Ca27Cd2+ exchange occur in vivo? The high Cd2+ affinity displayed by the 
exchanger in vitro suggests that intracellular Cd2+ ions will compete successfully with Ca2+ ions 
for the Ca2+ site of the exchanger. The putative 1:1 stoichiometry of an electroneutral Ca27Cd2+ 
exchange would dictate that the equilibrium ratio for Cd2+ ([Cd2+],/[Cd2t]l) equals that for Ca2+ 
([Са^ІДСа2*],). Hence, an operational Ca27Cd2+ exchange would attempt to create a steady-
state [Cd2+] in the extracellular serosal compartment that exceeds the intracellular [Cd2*] more 
than 10,000-fold. Intracellular Cd2t will be exchanged for extracellular Ca2+, leading to a Cd2+ 
efflux through the basolateral membrane of the epithelial cell. 
Taken together our data show that the inhibition by Cd2+ of the three membrane proteins 
studied occurs predominantly through an interaction with divalent metal ion sites. Ca2' 
extrusion via the calcium pump will become inhibited to a significant degree when intracellular 
Cd2+ concentrations reach the level of 100 pM, whereas the activity of the other Ε,Ε^ type ion 
pump, the (Na^K^-ATPase, will only be inhibited significantly by micromolar amounts of 
Cd2+. Na7Ca2+ exchange activity will decrease when intracellular Cd2' concentrations are in 
the nanomolar range. Since transcellular calcium uptake in the tilapia intestine mainly depends 
on Na7Ca2* exchange activity (Flik et al. 1990), the inhibition of the ATP-dependent Ca2+ 
pump will result in a minor decrease of intestinal Ca2+ uptake. Therefore we conclude that 
inhibition of the Ca2+- and (Na++K+)-ATPase is not the main mechanism by which Cd2+ 
suppresses intestinal calcium uptake and disturbs fish calcium homeostasis. Rather, intestinal 
calcium uptake will become hampered once NaVCa2* exchange is inhibited by nanomolar 
amounts of Cd2* ions. Furthermore, the ability to exchange Ca2* for Cd2* suggests the 
exchanger as the prime candidate for a mechanism of Cd2* extrusion across the basolateral 
plasma membrane of the enterocyte. Dietary cadmium will not only accumulate in the tissue, 





Our studies show that the tilapia in freshwater actively absorbs calcium in its proximal 
intestine The main effector of the transcellular transport of calcium is the Na7Ca2+ exchanger, 
as originally indicated by the dependence of the calcium transport on the presence of an inward 
sodium gradient over the serosal plasma membrane The biochemical studies confirmed this 
hypothesis the Na7Ca2+ exchange in isolated basolateral plasma membrane vesicles proved 
to be highly active The exchanger displayed characteristics similar to those observed in a 
variety of other cell types Adaptation of tilapia to seawater caused a drastic decrease in active 
transcellular calcium transport The reduction in epithelial transport coincided with a prominent 
decrease in Na7Ca2+ exchange activity in isolated basolateral plasma membranes, giving 
physiological evidence that this mechanism is the chief effector of transcellular calcium 
transport Paradoxically, the NaVCa2* exchanger of dog erythrocytes is involved in Na* 
extrusion, yet it displays a similar intracellular K,,, for Ca2H We conclude that the cellular 
function of the exchanger is dictated in the first place by electrochemical driving forces, not 
by its ion affinities 
Cadmium was shown to have multiple effects on the calcium handling by freshwater fish 
intestine The heavy metal disrupts the tight junctions in this epithelium, resulting in an 
increased paracellular permeability to calcium Cadmium in the mucosal saline inhibited 
transcellular calcium transport, presumably by entering the cells and inhibiting the transport 
mechanisms at the basolateral side of the cell Biochemical studies showed that ion transporters 
in the basolateral plasma membrane displayed distinctly different sensitivities to cadmium The 
Na7Ca2+ exchanger was the least sensitive of the two Ca2+ extrusion mechanisms Moreover, 
the exchanger can shuttle cadmium across the plasma membrane, as shown by experiments in 
which cadmium evoked a release of intravesicular calcium (Chapter 7) These data stress the 
pivotal role of the exchanger in intracellular calcium homeostasis of this enterocyte, and in 
transcellular calcium transport, particularly pertaining to mild cadmium poisoning conditions 
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Figure 1. Model of the calcium transporting tilapia enterocyte Calcium enters the cell presumably via a second 
messenger operated calcium channel The electrical gradient over the mucosal membrane is around -SO mV The 
transepithclial potential difference Ψ is around 0 mV in freshwater fish, and around +30 mV (serosa positive) in 
seawalcr fish Inside the cell, calcium can be sequestered in the endoplasmic reticulum or the mitochondna 
Furthermore, it is bound to calcium binding proteins At the basolateral side, calcium is exported by the NaVCa2* 
exchanger or, lo a lesser degree, by the high-affinity Ca^-ATPase The former mechanism derives its energy from the 
transmembrane sodium gradient maintained by the (Na*+K*)-ATPase activity 
Cadmium enters the cell at least partly via the same pathway as calcium Another route for cadmium entry may 
be the CI /HCO, anion exchanger In the cell, cadmium will disturb the calcium buffering of the cell and inhibit the 
transport mechanisms in the basolateral membrane It can be transported across the basolateral membrane via the NaV 
Ca2* exchanger Apart from this transcellular route, cadmium is also able to disrupt tight junctions, thus enhancing 
paracellular calcium and, presumably, cadmium fluxes 
Solid black arrows denote calcium movements, while dashed arrows refer to cadmium movements and inhibitory 
mechanisms Golgi Golgi apparatus, ER endoplasmic reticulum 
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A model for calcium transport in fish intestinal epithelium 
Our studies have been compiled into a model, shown in Figure 1, for a calcium transporting 
cell such as the tilapia enterocyte. The identification and regulation of the Ca2+ transport 
mechanisms in the apical membrane are presently under investigation in our laboratory. The 
similarity of the effects of mucosal addition of cobalt or lanthanum, or the serosal addition of 
stanniocalcin (STC), on the cadmium content of gill soft tissue (Verbosi el al. 1989b) demon­
strate, in our view, that there is a common entry pathway, which does not discriminate between 
cadmium and calcium and which is hormonally regulated. A second-messenger operated 
calcium channel has been suggested (Verbosi et al. 1989b). As we will discuss below, another 
important site for cadmium entry may be the CI/HCOi anion exchanger in the apical 
membrane. 
The mechanisms involved in calcium transport through the cytoplasm of the tilapia 
enterocyte are thus far unknown. In preliminary experiments we did not find indications for 
vesicular transport as reported for chick gut by Nemere and Norman (1991). We have no data 
on the amount of calcium binding proteins in these enterocytes. The numerous mitochondria 
and the extended endoplasmic reticulum — indicative of active cells — may contribute to 
intracellular calcium regulation. The relatively high concentrations of cadmium routinely found 
in actively transporting mucosal tissue of control fish (6.0 ± 2.4 nmol.g"1 dry weight, resulting 
in a total [Cd] of 1.4 μΜ; Chapter 7) indicate that there is a large binding capacity for calcium, 
and thus also for cadmium, in the enterocyte: biochemical data indicate that cells would be 
unable to continue active calcium transport if free cadmium concentrations inside the cells 
would come to exceed the nanomolar range within the lifespan of the enterocyte. 
At the basolateral side of the cell three intrinsic plasma membrane proteins involved in 
the extrusion of calcium are found: the high-affinity Ca24-ATPase, the (Na++K+)-ATPase and 
the Na7Ca2+ exchanger. The ATP-dependent Ca2t pump is, in contrast to what is seen in 
mammalian intestine (van Os, 1987), the less important mechanism for Ca2+ extrusion over the 
basolateral membrane. Although its K,,, of 88 nM is in the physiological range of intracellular 
calcium concentrations, which were determined to be around 85 nM (Chapter 7), this does not 
compensate for its low V,^ ,, which is far lower than that of the Na7Ca2+ exchanger. For its 
operation the exchanger depends on the transmembrane sodium gradient created by the (Na++ 
K+)-ATPase. Tilapia enterocytes display a much higher (Na++K+)-ATPase activity than e.g. 
tilapia gill cells, shown to be involved in uptake of sodium and calcium in freshwater (Maetz, 
1976; Flik et al. 1985a). This very high (Na++K+)-ATPase activity may serve a role in 
transcellular calcium transport, as this is dependent on a basolateral transmembrane sodium 
gradient. Furthermore, the surplus of sodium, which enters the cell during the sodium-
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dependent uptake of nutrients from the food, has to be extruded from the cell by the (Na++K+)-
ATPase. The activities of the (Na4K*)-ATPase and the Na7Ca2+ exchange are not necessarily 
coupled: when tilapia are adapted to scawater, (Na4+K+)-ATPase activity increases to support 
the solvent drag needed for water absorption, the main osmoregulatory function of the intestine 
in seawater fish. However, Na7Ca2+ exchange activity in seawater-adapted fish intestine is 
lower than in freshwater fish, as is net intestinal calcium transport. The independence of the 
activity levels of both proteins suggests that independent regulatory mechanisms are present. 
Na7Ca2+ exchange and transcellular calcium transport 
We have shown that Na7Ca2+ exchange contributes essentially to the transepithelial transport 
of calcium in fish intestine. The homogeneous epithelium allowed us to make a highly purified 
basolateral plasma membrane preparation (Chapter 3). Our biochemical studies with this 
preparation demonstrate that the exchanger has a capacity far exceeding that of the ATP-
dependent Ca2+ pump. Accurate control over Na7Ca2, exchange activity appears to be essential 
for the intestinal cell. We have shown in Chapter 5 that the electrochemical gradients for the 
transported ions, and the cell membrane potential, can be considered to dictate the exchanger's 
direction of net flux. However, endocrine control would appear to be essential for the minute-
to-minute regulation of Na7Ca2+ exchange activity. Extracellular controllers and possible 
intracellular second messenger mechanisms for such control remain to be identified in tilapia 
enterocytes. 
It has been shown in our laboratory that Ca2+ transpoit in branchial, and presumably also 
intestinal, epithelium is somehow regulated by stanniocalcin (STC), the hypocalcémie hormone 
produced by the corpuscles of Stannius that lie adjacent to the teleost kidney (Hanssen et al 
1989; Verbost et al. 1989b; Wendelaar Bonga and Pang, 1991). STC stimulates the production 
of IP, in tilapia enterocytes (Verbosi, unpublished observations). Proceeding from these 
observations we tested whether STC, acting directly or via IP,, was able to inhibit the Na7Ca2+ 
exchange activity of tilapia enterocytes. 
We have tested possible effects of IP, on NaVCa2* exchange in isolated intestinal 
basolateral plasma membranes from tilapia up to a concentration of 10 μΜ. IP, had no effect 
on Na7Ca2+ exchange activity. However, Fraser and Sarnacki (1990) have suggested that 
inositol 1,4,5-triphosphate (IP,) regulates the intracellular Ca2+ concentration of rat brain cells 
by inhibiting the Na7Ca2+ exchanger in this tissue. They showed that relatively low concen­
trations of IP, (around 10"' M) significantly inhibited the Na7Ca2+ exchange activity in vitro. 
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It has been suggested that STC acts on mechanisms in the apical membrane (Verbost et 
al. 1989b). However, the first action of STC must be an interaction with a basolateral 
membrane protein, possibly a receptor molecule coupled to a G-protein. A direct inhibitory 
action of STC on basolateral extrusion mechanisms can, however, not be excluded. Verbosi 
et al. (1989b) could not demonstrate effects of STC on the ATP-depcndent Ca2+ pump in gill 
cells. Presumably then, the high-affinity Ca2+-ATPase in tilapia enterocytes will neither be 
affected directly by STC. We have tested this assumption and found that application of STC 
up to lO/zg-ml"1 had no effect on Na7Ca2+ exchange activity in isolated basolateral plasma 
membranes. 
Other potential modulators of Na7Ca2+ exchange, such as cAMP (Breyer, 1991), 
intracellular Ca2+ (Reeves and Poronnik, 1987; DiPolo and Beaugé, 1987), and trypsinogenic 
activity (Hilgemann, 1990) or ATP (DiPolo, 1989) should be tested. The sodium and calcium 
affinities of the antiport in tilapia enterocytes (38 mM Na+ and 2 μΜ Ca1*) are similar to those 
reported for NaVCa2* exchange in other preparations, such as squid giant axon and retinal rods, 
in which ATP is present (Schnetkamp, 1989). Notably, Na7Ca2+ exchange activity in ATP-
deplcted preparations, such as mammalian cardiac sarcolemma, has a higher K^ for Ca2* 
(around 30 μΜ; Reeves and Philipson, 1989). These data suggest that the NaVCa2' exchanger 
in isolated plasma membrane vesicles from tilapia intestine is still in its ATP-activated state, 
or that a pool of membrane-associated ATP is still present after vesicle isolation. Finally, the 
intracellular Na+ concentration may also be a modulator of Na7Ca2+ exchange activity, since 
Na+ competes with Ca2+ for at least one common site on the exchanger molecule (Reeves, 
1985). In this context, it is important to note the occurrence of intracellular sodium 
concentration oscillations as a consequence of intracellular calcium concentration oscillations 
(Wong and Foskett, 1991). 
Chapter 5 shows that the activity of the Na+/Ca2+ exchanger is controlled primarily by 
ionic gradients across the basolateral plasma membrane and by the cell membrane potential. 
This can be expressed as 
_ RT . .[Ate J M C ^ ' J . E„- - — In ( ) 
where E , ^ is the reversal potential of the Na7Ca2+ exchanger, and R, Τ and F have their usual 
meanings; a stoichiometry of 3 sodium ions versus 1 calcium ion is assumed. The reversal 
potential is the cell membrane potential at which the NaVCa2* exchanger will exhibit a zero 
net flux. With the conditions mentioned in the discussion of Chapter 7, a reversal potential of 
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-43 mV is calculated. This is very close to the mucosal membrane potential of -50 mV 
measured by Bakker and Groot (1988). Assuming that the basolateral membrane potential is 
close to the mucosal membrane potential in freshwater fish, this means that Na7Ca2+ exchange 
is operating near its zero flux condition, far from its maximum velocity. A small change in 
ionic gradients or membrane potential could shift the exchanger into a Ca2+-influx mode across 
the basolateral membrane. In seawater fish intestine, the serosa-positive potential of around 
+30 mV (Maetz, 1976) will shift the Na7Ca2+ exchanger more into the Ca2+ extrusion mode. 
At this moment, scientists take the view that there appear to be two types of plasma 
membrane Na7Ca2+ exchange: the first is that described for e.g. heart muscle, which has the 
stoichiometry presented above. The second type is e.g. found in retinal rod cells of amphibians 
and mammals. This exchanger protein can perform an exchange of 4 Na+ ions against 1 Ca2+ 
plus 1 Ю ion, although it also appears able to switch back to the 3 Na+:1 Ca2+ ratio 
(Schnetkamp, 1989). In the latter type, the reversal potential during K+-cotransport is quite 
different from that of the former exchanger type: 
E., ,.„ - — In ( ) 
α a
 F [Ate",]4 [Ca'-J IK,) 
The reversal potential is now calculated to be +102 mV, assuming an external [K+] of 5 mM 
and an internal [К*] of 98 mM (van der Velden et al. 1990). Since such membrane potentials 
will not be present in this epithelial cell, the inclusion of the K+ gradient in the driving forces 
on the Na7Ca2+ exchanger shifts the exchanger in the in vivo situation into a "Ca2+ extrusion 
only" mode (Lagnado and McNaughton, 1990). At present, we do not know to which class of 
Na7Ca2+ exchangers the Na7Ca2+ exchanger of tilapia intestine belongs. Its clear involvement 
in Ca2+ extrusion from the enterocyte (Chapter 3 and Chapter 4) appears to point towards a 
cotransport of K+. In view of its relevance to cell physiology, the stoichiometry of NaVCa24 
exchange in tilapia enterocytes appears worthy of further study. 
In tilapia, the Na7Ca2+ exchanger appears to occur not only in the intestine. We have 
also observed its activity in isolated basolateral plasma membrane vesicles from gill cells (Ver­
bosi et al., in preparation). The relative contribution of the exchanger to transcellular calcium 
transport is predicted to be less important in the gills, which possess a relatively active ATP-
dependent Ca2* pump (Flik et al. 1992). The similarity in K,,, for sodium and calcium between 
several preparations, ranging from squid to bovine species, suggests that the Na7Ca2+ 
exchanger is a phylogenetically old plasma membrane protein, and that the DNA-sequence 
encoding its transport sites has been well conserved. Studies with a synthetic peptide, directed 
104 
General discussion 
against a specific DNA-sequence of the mammalian sarcolemma Na7Ca2+ exchanger, on Na7 
Ca2+ exchangers in several different species strengthen this hypothesis (Li et al 1991). This 
implicitly indicates the importance of the protein in cellular calcium homeostasis in a wide 
variety of cell types. 
The effects of cadmium on intestinal calcium influx and efflux 
The hypocalcemia induced by cadmium in freshwater fish has been attributed to an inhibition 
of calcium influx (Verbosi et al. 1987; Reid and McDonald, 1988). The enhanced paracellular 
permeability to calcium, which results from an exposure to cadmium (Chapter 6), may well 
lead to a loss of calcium from the fish. The observed activation of the prolactin cells in the 
pituitary (Fu et al. 1989) may therefore derive not only from the need for an increased number 
of calcium uptake mechanisms, but also from the requirement to inhibit the increased 
paracellular movement of calcium. 
Cadmium was found to increase the permeability to calcium in the tilapia intestine. Also 
in other epithelial cells, cadmium has been found to disrupt the calcium-dependent tight 
junctions (Prozialeck and Niewenhuis, 1991a, b). Since the paracellular movement of calcium 
through this epithelium is by diffusion, an increase in calcium permeability will also be 
associated with an increase in cadmium permeability. This will result in an influx of cadmium 
via the paracellular pathway. The influx of cadmium may not have to be explained by the 
passage of two membrane barriers, but can also be explained by the disruption of the junctional 
complexes. 
The transcellular transport of calcium will be inhibited by mucosal cadmium as shown 
in Chapter 6. After cadmium has entered the cell, it potently inhibits various membrane 
proteins involved in transcellular calcium transport (Chapter 7). This is in line with findings 
by Verbosi et al. (1988, 1989b) who showed that low concentrations of cadmium blocked the 
transcellular transport of calcium in fish gills. The difference in cadmium sensitivity of the two 
epithelia may derive partly from the different media that were used in these experiments: the 
cadmium-chloride complexes formed in Ringer's solution result in an overestimation of the 
ionic Cd2+ level. Another reason why complexation reactions of cadmium with dissolved anions 
should be taken into account when experiments performed in different media are compared, 
is that such complexes may more readily enter the cell. The СГ/НСО^ anion exchanger of the 
apical cell membrane (Perry and Randall, 1981) may be a possible route for cadmium entry, 
particularly in media containing НССЦ or СГ: it has recently been found that the anion 
exchanger of human red blood cells actively transports cadmium that is associated with CI", 
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OH and НСОт to form a monovalent negative complex (Lou et al 1991) Indeed, 95% of the 
cadmium uptake in these cells was accomplished by the antiporter, and could be inhibited by 
DIDS The possibility of cadmium entry into the fish enterocyte via this mechanism clearly 
deserves further attention 
Cadmium inhibits the P-type ATPases in the basolateral plasma membrane primarily via 
an interaction with their divalent metal substrate sites However, a marked difference in 
sensitivity was observed, reflecting the respective affinities of these sites for their pertinent 
cations The Ca2+ transport site of the ATP-dependent Ca2+ pump was blocked by Cd2+ in the 
picomoldr range, while the (Na++K+)-ATPase was inhibited only by micromolar amounts of 
Cd2+ via the Mg2+ site The Na7Cd2+ exchanger was inhibited by micromolar amounts of Cd2h, 
but also proved to be able to shuttle cadmium across the basolateral plasma membrane of the 
tilapia enterocyte, in exchange for a calcium ion (Chapter 7) It seems that, in this process, 
Cd2* binds to a low affinity site, possibly a Na+ site, which has a lower affinity for the heavy 
metal than the Са2ь site The exchanger is able to translocate, and the higher к
ы
, velocity results 
in a substantial Cd2+ flux The large inward gradient for calcium across the basolateral plasma 
membrane of the enterocyte may prove to be an important driving force for the transcellular 
transport of cadmium in vivo The facilitated diffusion mechanism suggested by Verbost et al 
(1989b) might well be the Na7Ca2+ exchanger 
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Samenvatting 
Dit proefschrift beschrijft onderzoek dat is verricht naar het transport van calcium in de darm 
van de Afrikaanse natalbaars, ook wel tilapia (Oreochromis mossambicus) genoemd. Er wordt 
in het bijzonder aandacht besteed aan het aanpassingsvermogen van de darm aan zoet- en zout-
watermilieus, aan de mechanismen die betrokken zijn bij de opname van calcium in beide 
milieus, en aan de verstorende effecten van cadmium op de calciumopname. 
Eken vissen hebben net als alle andere gewervelde dieren calcium nodig bij de opbouw van hun 
skelet. Daarnaast is dit element van essentieel belang voor veel fysiologische en biochemische 
processen, zoals spiercontractie en bloedstolling. Een nauwkeurige regulatie van de calcium-
huishouding en van de calciumconcentratie in het bloed is dan ook een absolute voorwaarde 
voor het optimaal functioneren van het dier. Op het land levende vertcbratcn zijn voor de 
opname van calcium geheel afhankelijk van het voedsel, dat zij over het algemeen met 
tussenpozen tot zich nemen. Om schommelingen van de calciumconcentratie in het bloed tegen 
te gaan gebruiken zij hun skelet als een calciumreservoir dat in tijden van onvoldoende aanvoer 
van calcium wordt aangesproken. 
Vissen verkeren in een geheel andere situatie: zij kunnen in principe continu over een 
oneindig grote hoeveelheid calcium beschikken, daar het water waarin ze zich bevinden altijd 
enig calcium bevat. Het skelet heeft bij deze organismen dan ook niet primair een functie als 
calciumreservoir. Vissen zoals de tilapia, die zowel in zoetwater als in zeewater kunnen leven, 
moeten derhalve over efficiënte mechanismen beschikken die controleren hoeveel calcium het 
lichaam binnenkomt (influx) of verlaat {efflux). Vooral de calciumstromen door de kieuwen 
dienen nauwkeurig gecontroleerd te kunnen worden; uit studies die de laatste jaren zijn 
uitgevoerd is gebleken dat vissen via dit dunwandige epitheel, dat verreweg het grootste 
contactoppervlak met het water vertegenwoordigt, het merendeel van het door hen benodigde 
calcium opnemen. 
De calciumopname uit de darminhoud wordt belangrijker naarmate de calciuminflux via 
de kieuwen kleiner wordt. Dit kan optreden in zeer "zacht" zoetwater of wanneer de opname-
mechanismen in de kieuwen geremd worden door toxische stoffen in hel water. Eén stof die 
dit kan veroorzaken is het giftige metaal cadmium. Het metaal wordt in Nederland met name 
gevormd als vaste afvalstof bij de zinkproduktie; het cadmium in het oppervlaktewater is bij 
ons echter vooral afkomstig van de fosfaatertsverwerking. Bij mensen kan een cadmiumver-
giftiging leiden tot ernstige lever- en nierfuncticstoornissen en, bij hoge chronische bloot-
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stelling, tot grote problemen met de calciumhuishouding die bijvoorbeeld kunnen uilgroeien 
tot de in Japan geconstateerde itaï-itaï-ziekte. Bij zoetwatervissen blijken zeer lage cadmi-
umconcentraties in het water al een sterk remmend effect te hebben op de calciumopname via 
de kieuwen. In dit proefschrift wordt beschreven welke mechanismen verantwoordelijk zijn 
voor de calciumopname via de darm en in welke mate deze gevoelig zijn voor cadmium. Het 
eerste deel van het proefschrift beschrijft het calciumtransport en de erbij betrokken 
mechanismen; het tweede deel concentreert zich op de effecten van cadmium. 
Uit metingen aan darmepitheel waarvan de spierlaag was verwijderd kwam naar voren dat de 
netto opname van calcium in de darm van zoetwater-tilapia werd geremd wanneer de 
natriumgradicnt over de membraan aan de kant van de cel die naar hel bloed is gericht (de 
basolaterale celmembraan), werd verstoord. Dit duidde op de aanwezigheid van een eiwit in 
de basolaterale membraan dat, gebruikmakend van de natriumgradiënt, calciumionen kan trans-
porteren van een concentratie rond 0.1 μΜ in het cytoplasma van de darmcel (enierocyt) naar 
de hoge concentratie rond 1.1 mM in het bloed. Dit eiwit, een Na7Ca2+ exchanger, kon 
inderdaad worden aangetoond in studies waarbij gebruik werd gemaakt van geïsoleerde 
basolaterale membranen van de darmcellen. Daarnaast werd ook een ander calciumtranspor-
terend eiwit, de AlT-afhankelijke Ca2* pomp, in deze membranen aangetroffen. In tegenstelling 
tot de situatie bij hogere gewervelden was dil eiwit echter veel minder sterk vertegenwoordigd 
dan de NaVCa2* exchanger. 
Een aantal van de in hoofdstuk 2 beschreven resultaten wierp vragen op aangaande de 
nauwkeurigheid van diverse berekeningen die betrekking hadden op de samenstelling van de 
oplossingen die bij de experimenten met geïsoleerde cclmembranen werden gebruikt. Deze 
oplossingen bevatten metaalbindende stoffen die door hun bufferwerking de metaalionencon-
centraties nauwkeurig voorspelbaar maken. Het bleek dat de tot nu toe gehanteerde 
berekeningen op een aantal punten verbeterd en uitgebreid konden worden, hetgeen met name 
in het gebied van de zeer lage, maar celfysiologisch belangrijke, calciumconcentratics rond 
100 nM tot aanzienlijke afwijkingen met vorige berekeningen leidde. De berekeningen die met 
het zelf ontwikkelde computerprogramma CHELATOR werden uitgevoerd, verklaarden 
zodoende enige onbegrepen resultaten. Voor alle verdere experimenten werden derhalve de 
mediasamenstellingen berekend met CHELATOR. 
De grootte van de calciumfluxen door het darmepitheel bleek te verschillen tussen aan 
zoetwater en aan zeewater geadapteerde tilapia's. Bij de laatste heeft het epitheel dan ook een 
geheel andere functie: er wordt veel zout (met name Na+) opgenomen met de bedoeling een 
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secundaire waterflux te bewerkstelligen om het waterverlies via kieuwen en huid, dat door 
osmose optreedt, te compenseren. Het darmepitheel van zeewater-tilapia's bleek ook minder 
"tight" te zijn tussen de cellen dan het zoetwaterepitheel, wat het passief stromen van water 
kan vergemakkelijken. De netto opname van calcium door de darm van zeewater-tilapia's was 
echter 71% lager dan het transport onder condities gelijk aan die voor zoctwatervissen werd 
gemeten. Ook dit kan geïnterpreteerd worden als een adaptatie aan de toegenomen inwaartse 
gradiënt voor calcium die over het epitheel staat: zeewatervissen hebben weinig behoefte aan 
actieve transportmechanismen voor calciumabsorptie via de darm. Een studie van de transport-
mechanismen in de basolaterale membraan liet zien dat deze daling van de netto calcium-
opname met name correleerde met de afname van NaVCa2+ exchange-activiteit. Dit wijst er nog 
eens op dat vooral dít eiwit verantwoordelijk is voor het actieve transport van calcium door 
de enterocyt van de tilapia. 
De relatief lage affiniteit (hoge K^ van de exchanger voor calcium deed de vraag rijzen 
in hoeverre de affiniteit van een transporteiwit voor diens substraat bepalend is voor de 
cellulaire functie van dit eiwit. Veelal wordt waargenomen dat de K^ van een dergelijk eiwit 
de normaliter aanwezige substraatconcentratie benadert. Dit lijkt bij de tilapia enterocyt niet 
het geval te zijn. Om deze kwestie nader te onderzoeken werd een vergelijking gemaakt tussen 
de tilapia enterocyt en de rode bloedcel (erythrocyt) van de Beagle. In de honde-erythrocyt 
heeft de NaVCa2* exchanger een geheel andere functie: deze cellen zijn voor de extrusie van 
natrium (o.a. van belang voor de volume-regulatie) geheel op dit eiwit aangewezen. Volwassen 
erythrocyten bezitten namelijk geen (Na++K+)-ATPase, het eiwit dat veelal (ook in de tilapia 
enterocyt) deze functie vervult. Een ander voordeel is dat het zeer zuivere plasmamembraanpre-
paraat dat van de erythrocyten kan worden verkregen, een verontreiniging van het preparaat 
met membraanfragmenten van andere herkomst uitsluit. Hoewel de cellulaire functie van de 
exchanger in deze twee typen cellen dus volledig tegengesteld is (calcium extrusie in de tilapia 
enterocyt versus natrium extrusie in de Beagle erythrocyt), bleken de eiwitten toch een 
vergelijkbare affiniteit voor calcium te hebben aan de intracellulaire kant van de celmembraan. 
Het lijkt dan ook waarschijnlijk dat de grootte van elektrochemische gradiënten, en niet zozeer 
substraataffiniteit, de cellulaire functie van dit type transporteiwitten dicteert. 
In het tweede deel van het proefschrift worden de effecten van cadmium nader beschreven. 
Allereerst werden de effecten van toediening van cadmium aan zowel de bloedzijde (serosale 
zijde) als aan de kant van het darmlumen (mucosale zijde) getest. De verbindingen tussen de 
darmcellen bleken bij toediening van cadmium aan zowel de mucosale, als aan de serosale 
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kant, minder dicht te worden voor calcium. Echter alleen toediening van cadmium aan de 
mucosale kant kon een vermindering van het netto transport van calcium door het epitheel 
bewerkstelligen. 
Alle transporteiwitten in de basolaterale celmcmbraan bleken door cadmium te worden 
geremd. Ze vertoonden een zeer uiteenlopende gevoeligheid voor cadmium. De ATP-
afhankelijke calcium pomp was het gevoeligst; er werd een half-maximale inhibitie gemeten 
bij een cadmiumionconcentratie van 8.2 pM. Deze extreme gevoeligheid duidt op een remming 
via de calciumbindingsplaats van het eiwit, daar de calcium pomp voor dit eigenlijke substraat 
ook een relatief hoge affiniteit vertoont. Een ander ATP-afhankelijk transporteiwit dat tot 
dezelfde familie eiwitten behoort, maar calcium niet gebruikt als substraat (het (ЫаЧК*)-
ATPase), werd slechts geremd door concentraties cadmiumionen in het micromolair gebied (de 
IC50 was 2.6 μΜ Cd
2
*). Bij dit laatste eiwit kon wel een competitie door cadmium voor een 
andere metaal-bindingsplaats, namelijk die voor magnesium, worden aangetoond. De Na7Ca2+ 
exchanger die niet tot deze familie van ATP-afhankelijke eiwitten behoort, had een gevoe­
ligheid voor cadmium die tussen die van de ATP-afhankelijke calcium pomp en het (ЫаЧЮ)-
ATPase in lag, namelijk rond 73 nM. Uit een tweetal typen experimenten werd duidelijk dat 
ook bij dit eiwit cadmium zijn remming uitoefende door te binden aan de bindingsplaats voor 
calcium van dit eiwit. Het was echter opmerkelijk te constateren dat het eiwit onder bepaalde 
omstandigheden toch in staat leek te zijn het cadmiumion als een substraat te accepteren: er 
kon een uitwisseling van calcium tegen cadmium aangetoond worden. Deze verliep minder snel 
dan de ook door het eiwit bewerkstelligde uitwisseling van calcium tegen calcium. Rekening 
houdend met de elektrochemische gradiënten voor calcium en cadmium die in een licht met 
cadmium vergiftigde epitheelcel zullen optreden, valt het te verwachten dat cadmium vanuil 
de cel via de Na7Ca2+ exchanger kan worden getransporteerd naar het bloed. 
Op grond van de in dit proefschrift beschreven onderzoeksresultaten lijkt de conclusie 
gerechtvaardigd dat de NaVCa2* exchanger voornamelijk verantwoordelijk is voor het 
transcellulaire transport van calcium in de darm van de tilapia. Het is tot nu toe echter nog niet 
duidelijk hoe deze vissen de activiteit van dit eiwit controleren. Tevens is nog onbekend of de 
NaVCa2* exchanger in tilapia-enterocyten in staat is kaliumionen te cotransporteren. De exacte 
uitwisselingsverhouding natrium:calcium (plus wellicht kalium) is van wezenlijk belang in het 
voorspellen van de cellulaire functie van het eiwit. Een kaliumcotransport zou een inwaarts 
gerichte calciumflux uit het bloed via het eiwit volstrekt onmogelijk maken. Deze onderwerpen 
verdienen nadere studie. 
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De effecten van cadmium op de diverse calciumtransportprocessen bleken met name 
voort te komen uit een binding van cadmium aan bindingsplaatsen voor divalente metaalionen, 
waarbij cadmium met grote voorkeur aan calciumspecifieke bindingsplaatsen hechtte. Bij 
epitheliale tight junctions gaf dit aanleiding tot het "lek" worden van deze structuren, wat een 
grotere water- en ionenflux over deze epithelia tot gevolg had. Cytoplasmatisch cadmium bleek 
iontransportsystemen in de basolaterale membraan te inhiberen. De Na7Ca2+ exchanger was 
in staat cadmium uit te wisselen tegen extracellulair calcium; dit is het eerste eiwit uit visse-
epithelia waarvoor wordt aangetoond dat het in staat is cadmium over een celmembraan te 
transporteren. Deze gegevens duiden op de mogelijkerwijze belangrijke rol van exchangers in 
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mij gemerkt hoezeer ik het waardeerde voor raad en daad op hun te kunnen vertrouwen. I^at 
ik nu dan toch maar proberen een redelijke impressie van mijn gevoelens van dank te geven. 
Allereerst wil ik Gert Flik bedanken voor de enorme ondersteuning die hij al die tijd 
heeft gegeven. Zijn enthousiasme stimuleerde me in mijn wetenschappelijke werk. Tijdens onze 
discussies kwamen alle "ins and outs" van de werking van de Na7Ca2+ exchanger ter tafel, wat 
vaak leidde tot lucide en vruchtbare onderzoeksideeën. Daarnaast wist hij altijd tijd vrij te 
maken om door de zoveelste versie van een manuscript ("yet another reversed vision") heen 
te ploegen. Bedankt Gert! 
Ook Rob Lock en Sjoerd Wendelaar Bonga zijn onmisbaar geweest gedurende de 
afgelopen jaren. Zonder hun advies en expertise was dit boekje niet in deze vorm tot stand 
gekomen. Pieter Verbost's energieke aanpak van zo ongeveer alles heeft regelmatig geleid tot 
zeer nuttige discussies en suggesties. Tijdens ons verblijf in Edmonton waren niet alleen hij, 
maar zeer zeker ook zijn vrouw Anja (+Steven) en hun dochter Claudia zeer aangenaam gezel-
schap. Naast Pieter wil ik tevens Carel van Os bedanken voor het kritisch doorlezen van het 
manuscript. Daarnaast ben ik hem erkentelijk voor het organiseren van de vaak leerzame 
maandagochtend-colloquia, voor de goede op- en aanmerkingen en voor het feit dat Ellen van 
Leeuwen op zijn lab met Ussing-kamers heeft kunnen werken. 
Ferd Oyen, Joan van der Velden, Rob Hanssen en Anne Lamers ben ik zeer erkentelijk 
voor de zeer aangename werksfeer die door hun toedoen werd gecreëerd. Peter Klaren draagt 
ook een fors steentje hieraan bij, maar kan ook aardig bomen over tal van wetenschappelijke 
problemen. Bovendien heeft hij samen met Auk aan Céleste en mij laten zien dat Den Bosch 
inderdaad een mooie stad is (Rob kan hier nu over meespreken) en een ruime bierkeuze heeft. 
Voordat hij ook overwerkt en onderbetaald werd, heeft hij als één van de doctoraal-studenten 
die ik onder mijn hoede mocht nemen, een onmisbare bijdrage geleverd aan de karakterisering 
van cadmium-effecten op membraaneiwitten. Tijdens die periode heb ik hem niet alleen 
enthousiast gemaakt voor biochemisch werk, maar (helaas?) tevens een chronische infectie met 
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STELLINGEN 
1 Het ontbreken van een correctie voor het effect van lonsterkte op H* activiteit en op bindmgs-
constantes van metaalchelatoren in diverse berekeningsmethoden kan in het submicromolaire 
calciumconcentratiegebied leiden tot een significante onderschatting van de calciumionconcentratie 
Dit proefschrift 
2 De calciumafhankelijkheid van de NaVCa2* exchanger in de pubhkaties van Trasper & Phihpson en 
van Gill et al is niet een reëel verschijnsel en evenmin ontstaan als gevolg van het gebruik van 
calcium-chelatoren, maar het resultaat van een foutieve berekening 
contra TROSPER, T L AND KD PHILIPSON (1984) Cell Calcium 5, 211 -222 
GILL, D L , S-H CHUEH AND С L WHITLOW (1984) J S/o/ Chem 259, 10Θ07-10813 
3 Veronderstellingen aangaande het fysiologische belang van een ion-transporterend enzym dienen 
op meer dan de K^-waarde alleen gebaseerd te zijn 
Dit proefschrift 
4 De Na'/Ca2* exchanger is de belangrijkste mediator van het transcellulaire calciumtransport in de 
darmcellen van de tilapia 
Dit proefschrift 
5 De verhoogde activiteit van de prolactinecellen m aan sublelhale cadmrumconcentraties 
blootgestelde tilapia's is niet alleen een reactie op de afgenomen calciumtransportcapaciteit, maar 
dient ook ter compensatie van de toegenomen paracellulaire permeabihteit 
Dit proefschrift 
6 Het gebruik van het als gezaghebbend bekendstaande Times-lettertype in het merendeel van de 
wetenschappelijke literatuur doet vermoeden dat redakties van mening zijn dat acceptatie van 
gepresenteerde ideeën met alleen van de inhoud, maar ook van de vorm afhankelijk is 
7 Het nu meer dan zeshonderd jaar oude scheermes van William of Occam 'Pluralitas non est 
ponenda sine necessitate", verdient meer bekendheid bij hedendaagse wetenschappers 
8 Als Occam weer op aarde komt, heeft hij geen scheermes nodig, maar een kettingzaag 
drs M Hulspas, Intermediair, 13 december 1991 
9 De zorg voor het schamele groen en het belabberde milieu dat ons in Nederland rest, hoort met 
thuis bij ministeries die ook andersoortige belangen behartigen, maar bij een onafhankelijk orgaan 
dat, onder controle van de volksvertegenwoordiging, een integer natuur- en milieubeheer waarborgt 
onder uitsluiting van partijpolitieke en economische compromissen 
10 De tragische dood van Wolfgang Gulhch, één van 's werelds beste sportklimmers, als gevolg van 
een verkeersongeval zou tot het inzicht moeten leiden dat juist autorijden, eerder dan sportklimmen, 
een bezigheid met een hoog risico is 
11 Buitensportorganisaties en hun cliënten realiseren zich onvoldoende dat zorgvuldig omgaan met de 
natuur met alleen van levensbelang is voor het milieu, maar ook voor henzelf 
Theo Schoenmakers Nijmegen, 11 december 1992 

